TITLE OF THE INVENT T OM 
MICRO-OSCILLATION ELEMENT AND METHOD FOR DRIVING THE SAME 



BACKGRO UND OF THE INVENTION 
5 1. Field of the Invention: 



The present invention relates to a micro-oscillation 
element, such as a micro-mirror element having a movable section 
capable of rotational displacement, and also relates to a drive 
method for such a micro-oscillation element. 
10 2. Description of the Related Art: 

in recent years, it has been sought to apply the use of 
elements having extremely small structures formed by 
mrcro-machining technology, in various technological fields 
For example, in the field of optical communications technology 
» attention has focused on very small micro-mirror elements which 
have a light reflecting function. 

In optical communications, an optical signal is 
transmitted by using an optical fiber as a medium, and 
furthermore, in general, a so-called optical switching device 
3 is used in order to switch the transmission path of the optical 
Signal from one fiber to another fiber. Characteristics 
required in an optical switching device in order to achieve good 
optical communications include high capacity, high speed and 
hxgh reliability, in the switching operation, and the like. Prom 
this point of view, expectations have been growing with regard 
to optical switching devices which incorporate micro-mirror 
elements fabricated by micro-machining technology. This is 
because the use of a micro-mirror element makes it possible to 



carrying out switching processes on the optical signal itself 
without having to convert the optical signal to an electrical 
signal, between the optical transmission path on the input side 
of the optical switching device and the optical transmission 
5 path on the output side thereof, and this means that it is 
suitable for obtaining the characteristics described above. 

A micro-mirror element is provided with a mirror surface 
for reflecting light, and it is capable of changing the direction 
xn which the light is reflected by oscillation of the mirror 
10 surface. Electrostatic drive-type micro-mirror elements which 
use electrostatic force in order to cause the mirror surface to 
oscillate are used in many devices. Electrostatic drive-type 
micro-mirror elements can be divided broadly into two types- 
micro-mirror elements manufactured by so-called surface 
15 micro-machining technology. and mioro-mirror elements 
manufactured by so-called bulk micro-machining technology. 

in the case of surface micro-machining technology, a thin 
layer of material corresponding to a respective constituent area 
is formed on a substrate and processed into a prescribed pattern 
20 and such patterns are layered in a sequential fashion, whereby 
respective areas constituting an element, such as a support 
mirror surface and electrode section, and the like, are formed 
and a sacrificial layer which is subsequently removed is also 
formed. On the other hand, in the case of bulk micro-machining 
25 technology, a support and mirror section, and the like are 
formed in a prescribed shape by etching the actual Material of 
the substrate, mirror surfaces and electrodes being formed as 
thin layers thereon according to requirements. Bulk 
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5 One technical feature requirea ln a micro . mlrror eiement 

« that th6 mirror sur£ace which perfQrms iight iection 

•hi* de g ree o f fatness. However. in the case „ f . 
-cro-mechining technolo gy . sinca ^ mirror _ f _ ^ 

;~ tly ' " iS — " to achieve, high degree of 
flatness in a mirror sur£ace having & ^ ^ 

-e other hand. in the case o£ bulk micro _ machining ^ 

a -ro, section is constituted by cutting inCo ^ actua 
,aterral subs trate. which is ^^^^^ ^ ^ ^ ^ 

etching process . and since a mirror ^^^^ ^ proviaea ^ 

-rror seotion. it is possible to ensure ri gi dit y , even if ^ 
-rror surface has a large ^ ^ ^ 

Possible to form . mirror surface having a sufficient 
degree of optical flatness. 

• « an, Fig . 44 Ulustrate a conventionai 
electrostaticall y driven micro-mirror „ 

bulk micro-machining technology 
. . 9Y ' F1 9- 43 is an exploded 

oblique Vl ew of a micro-mirror element xfl „ . 

exement X8 , and Fig. 44 is a 

cross-sectional view a long line xyvvtu ™ 
. XXXXIV - XXXXIV in Pig. 43 of 

• the micro-mirror element X8 in an assembled state 

The micro-mirror element XS nas . structure in „ hich _ 

SUbSt " te 80 Md * —ate S6 ere layered on each 

other. The mirror substrate 8o ^ constituted ^ a 



" to9ether - By — ^ — fro* one side only on a 

preset raa teri al sub st ra te. such as . ^ ^ 
^ 5 eiect rical conductivity. it is possiblfi ^ ^ 

S3, on the mirror substrate 80 A surface ^ ^ 

on Ch ace of che mir _ sectiQn ^ a ^ 

8Sa. 85 b are provided on the rear face ^ 
^ ». pa~ of torsion bars 83 def ^ ^ M ^ ^ 

operas of the mirror section ^ ^ describ£d hereiMfter 
An electrode 87a opposing the electrode 85, „* ^ 

P1 ectrode 85a of the mirror section 

o-l, ana an electrode «7k 

on , h , ?b ° PP ° Sln9 the Strode 8Sb are provided 

on the base substrate 86. 

in the micro - mirror element X8 _ when ^ ^ 
- - ^ed to the f rame 82 o£ the mirror sectlon ^ ^ ^ 

rr is transmittea to the eiectr ° de s5a «- «- — 

— on 8i, „hich are formed in an lMegrai £asMon £ _ 

-u ctlvematerialastheframe82 . Conseguentiy _ 
■o pressed electrlc potential to ^ ic ^ . 

o ;har3e the electrodes 85a , ^ positivei ^ 

this state, if che electrode 87 a of th» k 

e a/a of the baS e substrate 86 is 
charged with a negative charge, then an electrostatic attraction 
is ge nerated between ^ ^^^^ ^ ^ ^ 

• and hence the mirror section rotates ^ ^ < 

arrow MS, as indicated in Pig. 44 whilst- t- • 

, . u 9 4 ' whllst twisting the pair of 

torsion bars 83. The m irror section 81 i s able to ■ 

1S aole to swing until 
xt reaches an angle at which the force of attraon k 

or attraction between the 



electrodes balances with the sum of the fcwisting resistances ^ 
the respective torsion oars 83. Alternatively. i f . negacive 
charge is applied to the electrode 87b whilst a positive charge 
x. being applied to the electrodes 35a. 8Sb o f the mirror section 
5 81. then an electrostatic attraction is generated between the 
electrode 85 b and the electrode 87b. and hence the m irror section 
« -ill rotate in the opposite direction to the arrow „8. By 

driving the mirror section pi ^ 

r section 81 to swing as described above, it 

is possible to switch t-h^ rf-i ■ 

h the dlrectlon of reflection of the light 
10 reflected by the mirror surface 84. 

in the micro-mirror element x8 , ±a ^ ^ & ^ 

angle in the rotational displacement of the mi rror section 81 
xt 1S necessary to ensure a sufficient gap between the mirror 
substrate 80 and the base substrate 86, in order to avoid 
mechanical contact between the mirror substrate 80 and base 

substrate 86. However, since the electrostatic 

ej-eccrostatic force generated 
between the electrodes 85a and 87a o-r K #- 

a ana 87a, or between the electrodes 

85b and 87b, tends to decline as the distance between the 
electrodes increases, the drive voltage that is to be applied 
■0 between the respective electrodes must be increased to a 
corresponding degree, in order that the mirror section 81 can 
be driven suitably whilst guaranteeing a sufficient gap hetween 
the mirror substrate 80 and the hase substrate 86 . Xn many oases 
_ increasing the drive voltage is undesirable, in terms of the 
> composition or the element, or from the viewpoint or reducing 
power consumption. 

Fig. 45 is a partially abbreviated obligue diagram of a 
further conventional micro-mirror element ». which is 



^ricated by means of bulk micro . machining ^ 
mi cro- m irror element xg has a section ^ 

a mirror surface 9a ^ +-u 

on the upp er surface th6reQf _ & 

^ omitted, . and a pair of fcorsion b _ ^ 

at the two respective end portions of n, • 

portions of the mirror section 91 A 

Tz:\: omb tooth - shaped eiectroaes 9 - »• - «— - the 

-e 92 extending an ±nward airection ^ 

— 9 co the comb tooth _ shaped electroaes 

m a micro . mirror element X9 having a oomposition Qf chis 

kind, the set of con* tooth-shaped eleotrode, 
_ . * electrodes provided in 

accent positions in order to derate an eiectrostatic force 
or e i the _ tooth _ shapea ^^^^ ^ 

otn h electroae ^ _ orientea ^ . 
a rostrated in Fig . 46A . when no ^ ^ 

°; h ; r han " - hen * ~ — - a PPlie , as 

iiustrated rn Fig . 46E , the _ 

«„n .nside the COmb tooth-shaped eiectrode 92a . there by 

^ - - — • -re specific^, J 

rf the co„* tooth-shaped eieotrode 91a is ohar.ed w ith 

rr Ch " 9e ' ^ ^ — —-d eieotrode 92a is 

■5 rotate about the axis A9 - . 

bars 93 , „ • ""^ ^ ° f ^sion 

.l ion -t ^ S8Ctl0n 91 - - 

theT. h " POSSible " SWitCh ^ «* —ion 

the llg ht rejected by the mi rror surface 94 prided on the 
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-rror section 91 . It is taown that ^ ^ 

" ° rder t0 driVe * P3lr ° f ~* tooth-shapea electrodes of this 
*ind tends Co be lo „ er chan the drive voicage reguirea ^ achi ^ 

ar lving of . pair of planar electrodes _ ^ ^ ^^^^ 

5 element X8 described above. 

-1.. 47 shows a method for manufacturing a micro-mirror 
element X9 . in Ficr An 

Fig. 47, the process of forming a portion of the 

bars 93 and a portion Qf the of tQoth _ shaped eiectrodes 

10 91a, 92a, is illustrated by the change ■ 

Y cne changes in a particular 
crose-section. The cross _ section represents a 

cross-section which is modeled on a plurality of cross . sections 
that are contained within the section in which . single 

micro-switching element is formed m, „ 

rormea on a material substrate 
(wafer) that is subjected to various processes. 

in the method of manufacture a micro-mirror element x 9 

firstly, a wafer S9 is prepared as illustrate i »■ 

illustrated in Fig. 47 A . The 

wafer s 9 is a so-called SOI ( sil lcon on Insulator) ^ ^ 

has a lajninated structure cQmprising a siii ^ ^ ^ ^ 

silicon layer 902 and an insulating layer 9 03 interposed between 
these layers. Next , by carrying out anisotropic etching via a 
Prescribed mas* on the silicon layer 301. as illustrated in Fig 
47B, the constituent parts that are to be formed in the silicon 
layer ,01 (the mirror section 9 1. a portion of the frame 92 . the 
torsion bars 9 3, and the comi tooth _ sh ^ 

formed. Next , by carrying out anisotropic etching via a 
Prescribed mas. on the silicon layer 902 . as illustrated in Fi g 
470, the constituent parts that are to be formed in the silicon 



layer 902 <a portion of the £raffle g2 ^ ^ ^ ^ 

electrode 92a, are formed. Subseguently. as illustrated in Fig 

«D. the exposed portion on the sillcQn ^ ^ ±< 

carrying out isotropic eCching ^ ^ .^^.^ ^ ^ ^ 

5 this way, the mirror section 91, f rame 92 , Corslon ^ ^ ^ 
the set of comb tooth-shaped electrodes 91.. 92a. are formed 
The other set of comb tooth-shaped electrodes 91b. 92b are forced 
rn a similar manner to the comb tooth-shaped electrodes 91a. 91b 
in the micro-mirror element X9. since the comb tooth-shaped 
«. electrodes 91a. 91b are dispiaced in accordance „ ith the 
rotational operation of the mirror section 91. the comb 
tooth-shaped electrodes 91a. 91b must have sufficient thickness 
corresponding to the prescribed angle of inclination of the 
mirror section 91. Therefore , in or , er & ^ ^ 

m the rotational dispiacement of the mirror section 9! of the 
micro-mirror element X9. it is necessary to design the comb 
tooth-shaped electrodes 91a. 91b to be long in the direction of 
rotational operation, thus ensuring a sufficient length for the 
stroke of the drive electrodes ,the stroke being the range of 
relative movement of the electrode pair in the direction of the 
rotational operation which is tolerable whilst stili being able 
to generate a suitable driving force, . In order to ensure a long 
stroke, in the aforementioned method of manufacture, it is 

necessary to carry out process,™ „„ 

p r °cessing on a material substrate S9 

having silicon iayers 901, 902 of a thickness which corresponds 
to the required stroke length. However, it tends to be difficult 
to form comb tooth-shaped electrodes 91a. 91b wherein each 
electrode tooth has a relatively small width, to a high degree 
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of accuracy. by carrying out etching processes. or ^ ^ ^ 
relatively thick silicon layers 901. 902. 

in addition, in the micro-mirror element X9. since the 
mirror section 91 is formed to the same thickness as the com* 
tooth-shaped electrodes 91a. 91b. then the formation of comb 
tooth-shaped electrodes 91a. 91 b which are lon 3 in the direction 
of rotational operation inevitably leads to the formation of a 
thick mirror section 91. The thicker the mirror section 91 the 
-eater the mass of the mirror section 91 and hence, the greater 
the inertia thereof . Conseguently . cases have occurred in which 
" is not possible to achieve the desired speed in driving the 
rotational operation of the mirror section 91. 

in this way. in a conventional micro-mirror element X9, it 

has been problematic to achieve rn „f 

acnieve rotational operation of the 
mirror section 91 involving » i 

involving a large amount of rotational 

displacement, at a high speed of operation. 

SUMMARY op THE IMVRBTTnM 
The present invention has been proposed under the 
oircumstances described above. It is therefore an object of the 
Present invention to provide a micro-oscillation element and a 
™ethod for driving micro-oscillation element suitable for 
achieving rotational operation of a movable section involving 
a large rotational dispiacement. at a high speed of operation 
A micro-oscillation element is proposed by a first aspect 
°f the present invention. This micro-oscillation element 
comprises, a movable main section.- a first and second frame- a 
first connecting section that connects the movable »ain section 
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ana the first £rame and defines a first ^ rotation ^ ^ 

f«.t rotational operation of the movable main section with 
aspect to the fi.st.f_e.. a secona connectin g section that 
connects the first frame ana the secona fra.eana de fines a 
second axus of rotation for a secona rctationai operation of the 

" fraMe ^ ble -«ion with respect to the 

secona frame; a first arive mechanism for generating a ariving 

r " £ir " -""-^ —ion; ana a secona arive 

mechanism for generating a driving ' force for ►„ 
,n rorce for the second 

rotational operation. Xn the present element, the first axis 
of rotation ana the secona axis of rotation are not orthogonal 
The first arive mechanism is. for example, constitutea by a set 
of com* tooth-shapea electroaes. in which case one of the con* 
tooth-shapea electroaes is proviaea in an integral fashion with 
«spect to the movahle main section, ana the other com* 

tooth-shaped electrode is nrnv^^ • 

ae as provided xn an integral fashion with 
respect to the first -fr^m^ ™ 

frame . Moreover, the second drive mechanism 

1S ' for ex ^Ple, constituted by a set of ™ >, 

Y a set of comb tooth-shaped 
electrodes, in which case one of th„ 
9n . ° f the comb tooth-shaped 

20 electrodes is provided in an intearal 

integral fashion with respect to 

the frrst frame, ana the other com* tooth-shapea electroae is 
Proviaea in an integral fashion with respect to the secona frame 

in the micro-oscillation element having a composition of 
^ - -e first rotational operation ana the secona 

rotational operation of the mova b le main section incluae com.cn 
exponents of aisplaoement. Xn other woras. the overall amount 
of ^placement in these c« on aisplaoement components 
corresponas to the sum of the amount of aisplaoement originating 
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from the first rotational operation and the amount of 
displacement originating from the second rotational operation. 
Therefore, in the common displacement components, the 
respective strokes of the first and second drive mechanisms are 
applied in a mutually overlapping fashion, and hence a long 
stroke can be ensured. For example, if the first axis of rotation 
and the second axis of rotation are mutually coinciding, then 
the displacement component of the first rotational operation and 
the displacement component of the second rotational operation 
will coincides entirely, and the total amount of rotational 
displacement of the movable main section will correspond to the 
sum of the amount of displacement of the first rotational 
operation and the amount of displacement of the second 
rotational operation, as a result of which, a stroke that is 
effectively longer than the respective strokes of the first and 
second drive mechanisms is ensured in the rotational 
displacement of the movable main section. Since an effectively 
long stroke is ensured by superimposition of the strokes of two 
types of drive mechanisms, then it is possible to form the 
respective drive mechanisms that consist of sets of comb 
tooth-shaped electrodes, for example, to a relatively thin size 
(to a relatively short length in the direction of rotational 
operation) . Therefore, the movable section (the movable main 
section and the first frame) which tends to be formed to a 
thickness that reflects the thickness of the drive mechanisms, 
can be formed to a relatively thin size. The thinner the movable 
section, the lighter the weight thereof, and hence the more 
suitable it is for achieving high speeds of operation, m this 
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way, the micro-oscillation element according to the first aspect 
of the present invention is suitable for achieving high 
operating speeds for rotational operations of the movable main 
section involving large amounts of rotational displacement. 

in the first aspect of the present invention, preferably, 
the first connecting section has a cavity section that becomes 
wider as approaching the movable main section, m addition to 
this, or instead of this, the second connecting section may have 
a cavity section that becomes wider as approaching the first 
frame. a composition of this kind is suitable for reducing 
unwanted displacement components in a direction perpendicular 
to the desired rotational displacement, for example. 

A further micro-oscillation element is proposed by a second 
aspect of the present invention. This micro-oscillation element 
comprises: a movable section; frame; a connecting section that 
connects the movable section and the frame and defines an axis 
of rotation for a rotational operation of the movable section 
with respect to the frame; a first drive mechanism for generating 
a driving force for the rotational operation at a point 
relatively distant from the axis of rotation; and a second drive 
mechanism for generating a driving force for the rotational 
operation at a point relatively close to the axis of rotation. 
The first drive mechanism is, for example, constituted by a set 
of comb tooth-shaped electrodes, in which case one of the comb 
tooth-shaped electrodes is provided in an integral fashion with 
respect to the movable section, and the other comb tooth-shaped 
electrode is provided in an integral fashion with respect to the 
frame. Furthermore, the second drive mechanism is , for example, 
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constituted by a set of comb tooth-shaped electrodes, in which 
case one of the comb tooth-shaped electrodes is provided in an 
integral fashion with respect to the movable section, and the 
other comb tooth-shaped electrode is provided in an integral 
fashion with respect to the frame. 

In a micro-oscillation element having a composition of this 
kind, the first drive mechanism is more suitable than the second 
drive mechanism for generating a larger rotational torque to act 
as a driving force for rotational operation of the movable 
section, and the second drive mechanism is more suitable than 
the first drive mechanism for ensuring a longer stroke. In the 
micro-oscillation element according to the second aspect of the 
present invention, it is possible to achieve good rotational 
operation of the movable section, by making effective use of 
these respective characteristics of the two types of drive 
mechanisms. For example, when the amount of displacement of the 
movable section is within a small angular range, then a large 
rotational torque can be generated principally by means of the 
first drive mechanism, whereas if it is „ it hin a larger angular 
range, then a prescribed rotational torque can be sustained by 
means of the second drive mechanism, throughout the relatively 
longer stroke of the second drive mechanism. I„ a 
micro-oscillation element equipped with both a drive mechanism 
that is suitable for generating a large rotational torque and 
a drive mechanism that is suitable for ensuring a large stroke, 
it is possible to ensure an effectively large stroke even without 
forming the respective comb tooth-shaped electrodes of the 
respective drive mechanisms to an excessively thick size. 
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Therefore, the micro-oscillation element according to the 
second aspect of the present invention is suitable for achieving 
hxgh operating speeds for rotational operations of the movable 
section involving large amounts of rotations! displacement 

in the first and second aspects of the present invention 
preferably, the first drive mechanism and the second drive 
mechanism are constituted such that they can be operated under 
common control. In this case, preferably, the first drive 
mechanism and the second drive mechanism are connected 
10 electrically in parallel . Preferably, the first drive mechanism 
and the second drive mechanism are, alternatively, separated 
electrically, being constituted such that they can be operated 
under mutually independent control. 

A further micro-oscillation element is proposed by a third 
« aspect of the present invention. This micro-oscillation eXement 
comprises: a movable section; a frame,- a connecting section that 
connects the movable section and the frame and defines an axis 
of rotation for a rotational operation of the movable section 
with respect to the frame; and a drive mechanism for generating 
» a driving force for rotational operation over points that change 
» distance from the axis of rotation continuously. The drive 
mechanism is, for example, constituted by a set of com,, 
footh-shaped electrodes, in which case one of the comb 
tooth-shaped electrodes is provided in an integral fashion with 
> respect to the movable section, and the other com* tooth-shaped 
electrode is provided in an integral fashion with respect to the 
frame. 

in a micro-oscillation element having a composition of this 
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kind, the first and second drive mechanises of the second aspect 
of the invention are comprised within a si„ 3l e drive mechanism 
Therefore, according to the third aspect of the present 
invention, similar beneficial effects to those described above 
5 with respect to the second aspect of the invention are achieved 
in addition, according to the third aspect of the present 
invention, the rotational torgue generated in a single drive 
mechanism tends to change gradually and continuously throughout 
the range of prescribed rotational operation. Thi s 

10 characteristic is em A * , . 

portable for achieving good rotational 

operation of the movable section. 

A further micro-oscillation element is proposed by a fourth 
aspect of the present invention. This micro-oscillation element 
comprises: a movable section, a frame, a connecting section that 
<5 connects the movable section and the frame and defines an axis 
of rotation for the rotational operation of the movable section 
with respect to the frame, and a drive mechanism comprising a 
first comb tooth-shaped electrode and a second comb tooth-shaped 
electrode for generating a driving force for rotational 
0 operation. The first comb tooth-shaped electrode and/or the 
second comb tooth-shaped electrode have electrode teeth 
comprising a first conductor section and second conductor 
section that are electrically separated and aligned in parallel 
with the direction of rotational operation. For example, the 
■ first comb tooth-shaped electrode is provided in an integral 
fashion with respect to the movable section, and the second comb 
tooth-shaped electrode is provided in an integral fashion with 
respect to the frame. 
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In this element, the first conductor section and second 
conductor section of the first comb tooth-shaped electrode 
and/or the second comb tooth-shaped electrode are aligned in 
parallel with the direction of rotational operation of the 
5 movable section. A composition of this kind is suitable for 
ensuring a large relatively range of movement, in other words 
a large, stroke, for the pair of comb tooth-shaped electrodes. 
Moreover, the first conductor section and the second conductor 
section included in a single comb tooth-shaped electrode are 

0 electrically separated from each other and hence the voltages 
applied to same may be controlled in an independent fashion. The 
present swinging element having a first and second conductor 
section of this kind in at least one of the pair of comb 
tooth-shaped electrodes is suitable for achieving high 

1 operating speeds for rotational operation of the movable section 
involving large amounts of rotational displacement. 

A further micro-oscillation element is proposed by a fifth 
aspect of the present invention. This micro-oscillation element 
comprises: a movable section, a frame, a connecting section that 
connects the movable section and the frame and defines an axis 
of rotation for the rotational operation of the movable section 
with respect to the frame, and a drive mechanism comprising a 
first comb tooth-shaped electrode and a second comb tooth-shaped 
electrode for generating a driving force for rotational 
operation. The first comb tooth-shaped electrode has electrode 
teeth comprising a first conductor section and second conductor 
section that are electrically connected and aligned in parallel 
with the direction of rotational operation. The second comb 



16 



tooth-shaped electrode has electrode teeth comprising a third 
conductor section that opposes the first conductor section and 
does not oppose the second conductor section when the element 
is not driven. For example, the second comb tooth-shaped 
electrode is provided in an integral fashion with respect to the 
movable section, and the first comb tooth-shaped electrode is 
provided in an integral fashion with respect to the frame. 

In this element, the first conductor section and the second 
conductor section of the first comb tooth-shaped electrode which 
generate an electrostatic attraction with respect to the third 
conductor section in the second comb tooth-shaped electrode are 
aligned in parallel with the direction of rotational operation 
of the movable section. A composition of this kind is suitable 
for ensuring a large relatively range of movement, in other words, 
a large stroke, for the pair of comb tooth-shaped electrodes. 
Moreover, if the second comb tooth-shaped electrode (third 
conductor section) is provided in an integral fashion with 
respect to the frame, and the first comb tooth-shaped electrode 
is provided in an integral fashion with respect to the movable 
section, then the second comb tooth-shaped electrode (third 
conductor section) can be formed to a relatively thin size 
(relatively short dimension in the direction of rotational 
operation) , and hence the movable section, which tends to be 
formed to a thickness that reflects the thickness of the second 
comb tooth-shaped electrode (third conductor section) can also 
be formed to a relatively thin size. The thinner the movable 
section, the lighter the weight thereof, and hence the more 
suitable it is for achieving high speeds of operation. In this 
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way, the present micro-oscillation element having a pair of comb 
tooth-shaped electrodes of this kind is suitable for achieving 
high operating speeds for rotational operation of the movable 
section involving large amounts of rotational displacement. 

In the fifth aspect of the present invention, preferably, 
the first conductor section and third conductor section are of 
different lengths in the direction of rotational operation. 

In the first to fifth aspects of the present invention, 
preferably, at least one of the sets of comb tooth-shaped 
electrodes constituting the comb tooth-shaped electrodes has a 
base section, and electrode teeth extending from this base 
section, these electrode teeth having regions which increase 
gradually in width or thickness towards the end of the base 
section side. Alternatively, preferably, at least one of the 
sets of comb tooth-shaped electrodes constituting the comb 
tooth-shaped electrodes comprise a base section and electrode 
teeth extending from this base section, the electrode teeth 
having regions which increase gradually in width as approaching 
the other comb tooth-shaped electrode. 

In the second to fifth aspects of the present invention, 
preferably, the connecting section has a cavity section that 
becomes wider as approaching the movable section. A composition 
of this kind is suitable for reducing unwanted displacement 
components in a direction perpendicular to the desired 
rotational displacement, for example. 

A method for driving a micro-oscillation element is 
proposed by a sixth aspect of the present invention. The 
micro-oscillation element driven by this method comprises: a 
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movable section, a frame, a connecting section that connects the 
movable section and the frame and defines an axis of rotation 
for the rotationai operation of the movable section with respect 
to the frame, and a first comb tooth-shaped electrode and a 
5 second comb tooth-shaped electrode for generating a driving 
force for rotational operation. Te first comb tooth-shaped 
electrode has electrode teeth comprising a first conductor 
section and a second conductor section aligned in parallel with 
the direction of rotational operation. The first comb 
10 tooth-shaped electrode of this kind is provided in an integral 
fashion with respect to the frame, for example. The second co,* 
tooth-shaped electrode has electrode teeth comprising a third 
conductor section that opposes the first conductor section and 
does not oppose the second conductor section when the element 
15 a. not driven. The second comb tooth-shaped electrode of this 
Kind is provided in an integral fashion with respect to the 
movable section, for example. The present method comprises- a 
first step for causing the movable section to perform rotational 
operation in a first direction by generating an electrostatic 
20 attraction between the second conductor section and the third 
conductor section, and a second step for causing the movable 
section to perform rotational operation in a second direction 
opposite to the first direction, by generating an electrostatic 
attraction between the first conductor section and the third 
25 conductor section, subsequently to the first step. 

in this method, the first conductor section and the second 
conductor section of the first comb tooth-shaped electrode which 
3 enerate an electrostatic attraction with respect to the third 
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conductor section in the second comb tooth-shaped electrode are 
aligned in parallel with the direction of rotational operation 
of the movable section. Therefore, this method is suitable for 
ensuring a large relatively range of movement, in other words, 
a large stroke, for the pair of comb tooth-shaped electrodes. 
Moreover, in the first and second comb tooth-shaped electrodes 
in the present method, as well as generating a driving force for 
rotational operation in a first direction, a driving force is 
also generated for rotational operation in a second direction, 
opposite to the first direction. The present method for 
generating a driving force in two directions by means of a set 
of comb tooth-shaped electrodes is suitable for achieving high 
operating speeds in rotational operation in both directions . In 
this way, the driving method according to the sixth aspect of 
the present invention is suitable for achieving high operating 
speeds for rotational operation involving large amounts of 
rotational displacement. What is more, according to the present 
method, it is possible to drive a micro-oscillation element 
according to the fourth aspect of the present invention, for 
example, in a suitable manner. 

In the sixth aspect of the present invention, preferably, 
the micro-oscillation element being driven further comprises: 
a third comb tooth-shaped electrode and a fourth comb 
tooth-shaped electrode for generating a driving force for 
rotational operation. The third comb tooth-shaped electrode has 
electrode teeth comprising a fourth conductor section and a 
fifth conductor section aligned in parallel with the direction 
of rotational operation. The third comb tooth-shaped electrode 
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of this kind is provided in an integral fashion with respect to 
the frame, for example. The third comb tooth-shaped electrode 
and the first comb tooth-shaped electrode described previously 
are disposed in a symmetrical fashion, for example, with respect 
to the axis of rotation of the movable section. Moreover, the 
fourth comb tooth-shaped electrode has electrode teeth 
comprising a sixth conductor section that opposes the fourth 
conductor section and does not oppose the fifth conductor 
section when the element is not driven. The fourth comb 
tooth-shaped electrode of this kind is provided in an integral 
"fashion with respect to the movable section, for example. The 
fourth comb tooth-shaped electrode and the second comb 
tooth-shaped electrode described previously are disposed in a 
symmetrical fashion, for example, with respect to the axis of 
rotation of the movable section. if the micro-oscillation 
element has a composition of this kind, then preferably, the 
driving method according to the sixth aspect further comprises 
a third step for causing the movable section to perform 
rotational operation in a second direction by generating an 
electrostatic attraction between the fifth conductor section 
and the sixth conductor section, subsequently to the second step, 
and a fourth step for causing the movable section to perform 
rotational operation in a first direction by generating an 
electrostatic attraction between the fourth conductor section 
and the sixth conductor section, subsequently to the third step. 

In the sixth aspect of the present invention, preferably, 
in the second step, an electrostatic attraction is generated 
between the fourth conductor section and the sixth conductor 
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section. Preferably, in the fourth step, an electrostatic 
attraction is generated between the first conductor section and 
the third conductor section. Moreover, preferably, the first, 
second, third and fourth steps are respectively implemented 
5 during time periods corresponding to one quarter of a cycle of 
the rotational operation. 

A further micro-oscillation element is proposed by a 
seventh aspect of the present invention. The micro-oscillation 
element driven by the present method comprises: a movable 
10 section, a frame, a connecting section that connects the movable 
section and the frame and defines an axis of rotation for the 
rotational operation of the movable section with respect to the 
frame, a first comb tooth-shaped electrode and a second comb 
tooth-shaped electrode for generating a driving f orC e for 
15 rotational operation, and a third comb tooth-shaped electrode 
and a fourth comb tooth-shaped electrode for generating a 
driving force for rotational operation at a position closer to 
the axis of rotation than the first and second comb tooth-shaped 
electrodes. The first and third comb tooth-shaped electrodes 
20 are provided in an integral fashion with respect to the frame, 
for example. The second and fourth comb tooth-shaped electrodes 
are provided in an integral fashion with respect to the movable 
section, for example. The present method comprises : a first step 
for causing the movable section to perform rotational operation 
25 in a first direction by generating an electrostatic attraction 
between the first comb tooth-shaped electrode and the second 
comb tooth-shaped electrode, as well as generating an 
electrostatic attraction between the third comb tooth-shaped 
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electrode and the fourth comb tooth-shaped electrode, and a 
second step for causing the movable section to perform 
rotational operation in the first direction by generating an 
eiectrostatic attraction between the third comb, tooth-shaped 
5 eiectrode and the fourth comb tooth-shaped eiectrode. 
subsequently to the first step. 

According to the present m ethod, it is possible to drive 
the .icro-oscillation ele.ent according to the second aspect of 
the present invention, in a suitable .anner, and hence high 

10 operating speeds can be achieved in rotation* i 

in rotational operation 

involving large counts of rotational displacement. 

Preferably, the driving method according to the seventh 
aspect of the present invention further comprises a third step 
for causing the movable section to rotate in a second direction 
« opposite to the first direction. by generating an electrostatic 
attraction between the first conductor section and the second 
conductor section, subsequently to the second step. Preferably 
the first step and the third step are both implemented during 
a time period corresponding to one guarter of a cycle of the 
20 rotational operation. 

Preferably, in the seventh aspect of the present invention 
the micro-oscillation element further comprises a fifth comb 
tooth-shaped electrode and a sixth comb tooth-shaped electrode 
for generating a driving force for rotational operation, and a 
25 seventh comb tooth-shaped electrode and eighth comb 
tooth-shaped electrode for generating a driving force for 
rotational operation at a position closer to the axis of rotation 
than the fifth and sixth comb tooth-shaped electrodes. The fifth 
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and seventh comb tooth-shaped electrodes are provided in an 
integral fashion with respect to the frame, for example. The 
sixth and eighth comb tooth-shaped electrodes are provided in 
an integral fashion with respect to the movable section, for 
example. Moreover, the fifth comb tooth-shaped electrode and 
the first comb tooth-shaped electrode described previously, the 
sixth comb tooth-shaped electrode and the second comb 
tooth-shaped electrode described previously, the seventh comb 
tooth-shaped electrode and the third comb tooth-shaped 
electrode described previously, and the eighth comb 
tooth-shaped electrode and the fourth comb tooth-shaped 
electrode described previously are respectively disposed in a 
symmetrical fashion, for example, with respect to the axis of 
rotation of the movable section. if the micro-oscillation 
element has a composition of this kind, then preferably, the 
driving method according to the seventh aspect of the present 
invention further comprises: a fourth step for causing the 
movable section to perform rotational operation in a second 
direction by generating an electrostatic attraction between the 
fifth comb tooth-shaped electrode and the sixth comb 
tooth-shaped electrode, as well as generating an electrostatic 
attraction between the seventh comb tooth-shaped electrode and 
the eighth comb tooth-shaped electrode, subsequently to the 
third step, and a fifth step for causing the movable section to 
perform rotational operation in a second direction by generating 
an electrostatic attraction, following the fourth step, between 
the seventh comb tooth-shaped electrode and the eighth comb 
tooth-shaped electrode. 
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Preferably, the driving method according to the seventh 
aspect of the present invention further comprises a sixth step 
for causing the movable section to rotate in the first direction 
by generating an electrostatic attraction between the fifth comb 
5 tooth-shaped electrode and the sixth comb tooth-shaped 
electrode, subsequently to the fifth step. Preferably, the 
fifth step and the sixth step are both implemented during a time 
period corresponding to one quarter of a cycle of the rotational 
operation. 

10 A further method for driving a micro-oscillation element 

is proposed by an eighth aspect of the present invention. The 
micro-oscillation element driven by the present method 
comprises: a movable section, a frame, a connecting section that 
connects the movable section and the frame and defines an axis 

15 of rotation for the rotational operation of the movable section 
with respect to the frame, a first comb tooth-shaped electrode 
and a second comb tooth-shaped electrode for generating a 
driving force for rotational operation, and a third comb 
tooth-shaped electrode and a fourth comb tooth-shaped electrode 

20 for generating a driving force for rotational operation at a 
position closer to the axis of rotation than the first and second 
comb tooth-shaped electrodes. The first comb tooth-rshaped 
electrode has electrode teeth comprising a first conductor 
section and a second conductor section aligned in parallel with 

25 the direction of rotational operation. The second comb 
tooth-shaped electrode has electrode teeth comprising a third 
conductor section that opposes the first conductor section and 
does not oppose the second conductor section when the element 



is not driven. The third comb tooth-shaped electrode has 
electrode teeth comprising a fourth conductor section and a 
fifth conductor section aligned in parallel with the direction 
of rotational operation. The fourth comb tooth-shaped electrode 
has electrode teeth comprising a sixth conductor section that 
opposes the fourth conductor section and does not oppose the 
fifth conductor section when the element is not driven. The 
first and third comb tooth-shaped electrodes are provided in an 
integral fashion with respect to the frame, for example, and the 
second and fourth comb tooth-shaped electrodes are provided in 
an integral fashion with respect to the movable section, for 
example. The present method comprises: a first step for causing 
the movable section to perform rotational operation in a first 
direction by generating an electrostatic attraction between the 
second conductor section and the third conductor section, as 
well as generating an electrostatic attraction between fifth 
conductor section and the sixth conductor section, and a second 
step for causing the movable section to perform rotational 
operation in the first direction by generating an electrostatic 
attraction between the fifth conductor section and the sixth 
conductor section. 

A composition of this kind also effectively combines the 
composition according to the sixth and seventh aspects of the 
invention described previously. Therefore, according to the 
eighth aspect of the present invention, when driving a 
micro-oscillation element according to the second aspect of the 
present invention, it is possible to achieve high operational 
speeds for rotational operation of the movable section involving 
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large amounts of rotational displacement. 

The driving method according to the eighth aspect of the 
present invention further comprises: a third step for causing 
the movable section to perform rotational operation in a second 
direction, opposite to the first direction, by generating an 
electrostatic attraction between the first conductor section 
and the third conductor section, between the second conductor 
section and the third conductor section, and between the fourth 
conductor section and the sixth conductor section, subsequently 
to the second step, and a fourth step for causing the movable 
section to perform rotational operation in the second direction 
by generating an electrostatic attraction, following the third 
step, between the first conductor section and the third 
conductor section, and between the fourth conductor section and 
the sixth conductor section. 

Preferably, in the eighth aspect of the present invention, 
the micro-oscillation element comprises a fifth comb 
tooth-shaped electrode and a sixth comb tooth-shaped electrode 
for generating a driving force for rotational operation, and a 
seventh comb tooth-shaped electrode and eighth comb 
tooth-shaped electrode for generating a driving force for 
rotational operation at a position closer to the axis of rotation 
than the fifth and sixth comb tooth-shaped electrodes . The fifth 
comb tooth-shaped electrode has electrode teeth comprising a 
seventh conductor section and an eighth conductor section 
aligned in parallel with the direction of rotational operation. 
The sixth comb tooth-shaped electrode has electrode teeth 
comprising a ninth conductor section that opposes the seventh 
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conductor section and does not oppose the eighth conductor 
section when the element is not driven. The seventh comb 
tooth-shaped electrode has electrode teeth comprising a tenth 
conductor section and an eleventh conductor section aligned in 
5 Parallel with the direction of rotational operation. The eighth 
comb tooth-shaped electrode has electrode teeth comprising a 
twelfth conductor section that opposes the tenth conductor 
section and does not oppose the eleventh conductor section when 
the element is not driven. The fifth and seventh comb 
10 tooth-shaped electrodes are provided in an integral fashion with 
respect to the frame, for example, and the sixth and eighth comb 
tooth-shaped electrodes are provided in an integral fashion with 
respect to the movable section, for example. Moreover, the fifth 
comb tooth-shaped electrode and the first comb tooth-shaped 
15 electrode described previously, the sixth comb tooth-shaped 
electrode and the second comb tooth-shaped electrode described 
previously, the seventh comb tooth-shaped electrode and the 
third comb tooth-shaped electrode described previously, and the 
eighth comb tooth-shaped electrode and the fourth comb 
» tooth-shaped electrode described previously are respectively 
disposed in a symmetrical fashion, for example, with respect to 
the axis of rotation of the movable section. If the 
micro-oscillation element has a composition of this kind, then 
the driving method according to the eighth aspect of the present 
5 invention comprises: a fifth step for causing the movable 
section to perform rotational operation in a second direction 
by generating an electrostatic attraction between the eighth 
conductor section and the ninth conductor section, as well as 
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generating an electrostatic attraction between the eleventh 
conductor section and the twelfth conductor section, 
subsequently to the fourth step; a sixth step for causing the 
movable section to perform rotational operation in a second 
• direction by generating an electrostatic attraction, following 
the fifth step, between the eleventh conductor section and the 
twelfth conductor section; a seventh step for causing the 
movable section to perform rotational operation in a first 
direction by generating an electrostatic attraction between the 
seventh conductor section and the ninth conductor section,- 
between the eighth conductor section and the ninth conductor 
section, and between the tenth conductor section and the 
eleventh conductor section, subsequently to the sixth step; and 
an eighth step for causing the movable section to perform 
rotational operation in the first direction by generating an 
electrostatic attraction, following the seventh step, between 
the seventh conductor section and the ninth conductor section, 
and between the tenth conductor section and the twelfth 
conductor section. 

in the eighth aspect of the present invention, preferably, 
in the third step and the fourth step, an electrostatio 
attraction is generated between the seventh conductor section 
and the ninth conductor section, and between the tenth conductor 
section and the twelfth conductor section, x„ the eighth aspect 
of the present invention, preferably, in the seventh step and 
the eighth step, an electrostatic attraction is generated 
between the first conductor section and the third conductor 
section, and between the fourth conductor section and the sixth 
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BRIEF DESC RIPTION OF THE DRAWINGS 
Fig- 1 is a plan view of a micro-mirror element according 
5 to a first embodiment of the present invention; 

Figs. 2A-2C are cross-sectional views along line II - u 
in Fig. l ; 

Figs. 3A-3B are cross-sectional views along line III - 1IX 
in Fig. i ; 

Figs. 4A-4B are cross-sectional views along line IV - iv 
in Fig. 1 ; 

Figs. 5A-5C are cross-sectional views along line V - v in 
Fig. 1; 

Figs. 6A-6B are cross-sectional viewsalong line VI - vi in 
15 Fig. 1; 

Figs. 7A-7B are cross-sectional view along line VII - vii 
in Fig. 1 ; 

Figs. 8A-8C show one. example of a drive mode of the 
micro-mirror element in Fig. i ; 
» Fig. 9 is a plan vlew „ f „ micro . mirror 

to a second embodiment of the present invention.- 

Figs. ioa-IOC are cross-sectional views along line x - x 
in Fig, 9 ; 

Figs. 11A-11B are cross-sectional views along line XI - XI 
25 in Fig. 9; 

Figs. 12A-11B are cross-sectional views along line XII - 
XII in Fig. 9 ; 



Figs. 13A-13C 



are cross-sectional views along line XIII - 
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XIII in Fig. 9; 

Figs. 14A-14B are cross-sectional views along line XIV - 

XIV in Fig. 9; 

Figs. 15A-15B are cross-sectional views along line XV - XV 
5 in Fig. 9; 

Figs. 16A-16D show one example of a drive mode of the 
micro-mirror element in Fig. 9 • 

Fig. 17 is a plan view of a micro-mirror element according 
to a third embodiment of the present invention; 

0 Fig. 18 is a cross-sectional view along line XVIII - XVIII 

in Fig. 17; 

Figs. 19A-19B are cross-sectional views along line XVIII 
- XVIII in Fig. 17 when the micro-mirror element is being driven; 
Figs. 20A-20B are cross-sectional view along line XVIII - 
S XVIII in Fig. 17 when the micro-mirror element is being driven; 

Figs. 21A-21C are cross-sectional views along line XXI - 

XXI in Fig. 17; 

Figs. 22A-22C are cross-sectional view along line XXII - 

XXII in Fig. 17; 

Figs. 23A-23C are cross-sectional views along line XXIII 
- XXIII in Fig. 17; 

Figs. 24A-24C are cross-sectional views along line XXIV - 
XXIV in Fig. 17; 

Figs. 25A-25E show one example of a drive mode of the 
micro-mirror element in Fig. 17 ; 

Figs. 26A-26E show a further example of a drive mode of the 
micro-mirror element in Fig. 17 ; 

Fig. 27 is a plan view of a micro-mirror element according 
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to a fourth embodiment of the present invention; 

Fig. 28 is a cross-sectional view along line XXVIII - XXVIII 
in Fig. 27; 

Figs. 29A-29B are cross-sectional views along line XXVI I I 
5 - XXVIII in Fig. 27 when the micro-mirror element is being 
driven; 

Figs. 30A-30B are cross-sectional views along line XXVIII 

- XXVIII in Fig. 27 when the micro-mirror element is being 
driven; 

10 Figs. 31A-31C are cross-sectional views along line XXXI - 

XXXI in Fig. 27; 

Figs. 32A-32C are cross-sectional views along line XXXII 

- XXXII in Fig. 27; 

Figs. 33A-33C are cross-sectional views along line XXXIII 
15 - XXXIII in Fig. 27; 

Figs. 34A-34C are cross-sectional views along line XXXIV 

- XXXIV in Fig. 27; 

Figs. 35A-35F show one example of a drive mode of the 
micro-mirror element in Fig. 27; 
20 Fig. 3 6 is a plan view of a micro-mirror element according 

to a fifth embodiment of the present invention; 

Figs. 37A-37B are cross-sectional views along line XXXVII 

- XXXVII in Fig. 36; 

Figs. 38A-38B are cross-sectional views along line XXXVI 1 1 
25 - XXXVIII in Fig. 36; 

Figs. 39A-39B are cross-sectional views along line XXXIX 

- XXXIX in Fig. 36; 

Figs. 40A-40B are cross-sectional view along line XXXX - 
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XXXX in Fig. 36; 

Figs. 41A-41D show a modification of the comb tooth-shaped 
electrodes ; 

Figs. 42A-42B show a further modification of the comb 
tooth-shaped electrodes; 

Fig. 43 is an exploded oblique view of a conventional 
micro-mirror element; 

Fig. 44 is a cross-sectional view along line XXXXIV - XXXXIV 
of the micro-mirror element in Fig. 43, in an assembled state; 

Fig. 45 is partially abbreviated oblique view of a further 
conventional micro-mirror element; 

Figs. 46A-46B show the orientation of a set of comb 
tooth-shaped electrodes; and 

Figs. 47A-47D show a portion of the processes of a method 
for manufacturing the micro-mirror element shown in Fig. 45. 

DETAILED DESCR IPTION OF THE PRgFERg gD EMBODTMKMT. 
Fig. 1 - Fig. 7 shows a micro-mirror element XI according 
to a first embodiment of the present invention. Fig. 1 is a plan 
view of the micro-mirror element XI, and Figs. 2 are 
cross-sectional view along line II - „ in Pig . u FnithermorSj 
Figs. 3 to Figs. 7 are cross-sectional views along line III - 
III, line IV - IV, line V - v, line VI - VI and line VII - VII 
in Fig. 1, respectively. 

The micro-mirror element XI comprises a mirror section 110 
an inner frame 120, an outer frame 130, a pair of connecting 
sections 140, a pair of connecting sections 150, and respective 
pairs of drive mechanisms 160, 170, 180. 190. Furthermore, the 
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micro-mirror element XI is manufactured by carrying out 
processing on a material substrate, which is a so-called SOI 
(silicon on insulator) substrate, by means of bulk 
micro-machining technology, such as MEMS technology. The 
material substrate has a laminated structure consisting, for 
example, of first and second silicon layers, and an insulating 
layer interposed between these silicon layers, a prescribed type 
of conductivity being imparted to the respective silicon layers, 
by doping with an impurity. For the purpose of clarifying the 
diagrams, in Fig. 1, the regions originating in the first silicon 
layer which project beyond the insulating layer in the direction 
of the reader are marked by diagonal hatching (with the exception 
of the mirror surface 111 described hereinafter) . 

The mirror section 110 is a region formed principally in 
the first silicon layer, and it has a mirror surface 111 having 
a light reflecting function, on the front surface thereof. The 
mirror surface 111 has a laminated structure consisting of a Cr 
layer formed on the first silicon layer, and an Ar layer formed 
on the Cr layer. The mirror surface 111 of this kind forms the 
principal movable section of the present invention. 

The inner frame 12 0 is a region formed principally in the 
first silicon layer, in such a state that it surrounds the mirror 
section 110. The inner frame 120 of this kind and the 
aforementioned mirror section 110 constitute a movable section 
according to the present invention. The outer frame 130 is a 
region formed principally in the first silicon layer, in such 
a state that it surrounds the inner frame 120. 

The pair of connecting sections 140 are regions formed in 
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the first silicon layer, and consist respectively of two torsion 
bars 141. The torsion bars 141 are connected to the mirror 
section 110 and the inner frame 120, thus linking same together. 
The interval between the two torsion bars 141 in each respective 
connecting section 140 gradually increases from the inner frame 
120 side towards the mirror section 110 side. The pair of 
connecting sections 140 of this kind define an axis Al for the 
rotational operation of the mirror section 110 with respect to 
the inner frame 120. Preferably, the connecting sections 140 
are each constituted by two torsion bars 141, the interval 
between which gradually increases from the inner frame 120 side 
towards the mirror section 110 side, and they prevent unwanted 
displacement in the rotational operation of the mirror section 
110. Furthermore, it is also possible to constitute the 
connecting sections 140 such that two different electric 
potentials can be applied from the inner frame 120 to the mirror 
section 110, via the two torsion bars 141. 

The pair of connecting sections 150 are regions formed in 
the first silicon layer, and consist respectively of two torsion 
bars 151. The torsion bars 151 are connected to the inner frame 
120 and the outer frame 130, thus linking same together. The 
interval between the two torsion bars 150 of the respective 
connecting sections 151 gradually increases from the outer frame 
130 side towards the inner frame 120 side. The axis of rotation 
of the rotational operation of the inner frame 120 and the mirror 
section 110 accompanying same, with respect to the outer frame 
13 0, as defined by the pair of connecting sections 150 of this 
kind, coincides with the rotational axis Al . in other words, 
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the pair of connecting sections 140 and the pair of connecting 
sections 150 are disposed such that the axiss of rotation defined 
respectively by same are mutually coinciding. Preferably, the 
connecting sections 150 which are respectively constituted by 
two torsion bars 151, the interval between which gradually 
increases from the outer frame 13 0 side towards the inner frame 
120 side, prevent unwanted displacement in the rotational 
operation of the inner frame 12 0 and the mirror section 110. 
Furthermore, it is also possible to constitute the connecting 
sections 150 such that two different electric potentials can be 
applied from the outer frame 13 0 to the inner frame 12 0, via the 
two torsion bars 151. 

Two drive mechanisms 160 are disposed in a symmetrical 
fashion, with respect to the mirror section 110, each comprising 
a comb tooth-shaped electrode 161 and comb tooth-shaped 
electrode 165. The comb tooth-shaped electrode 161 is a region 
originating principally in the first silicon layer, and it has 
a base section 162 which is fixed to the mirror section 110, and 
a plurality of electrode teeth 163 which project from this base 
section 162. The comb tooth-shaped electrode 165 is a region 
originating principally in the second silicon layer, and it has 
a base section 166 which is fixed to the inner frame 120 and 
projects in an inward direction, and a plurality of electrode 
teeth 167 which project from this base section 166. When the 
element is not driven in rotation, the comb tooth-shaped 
electrodes 161, 165 are positioned at mutually different heights, 
as illustrated by Fig. 2A and Fig. 3A. Moreover, the comb 
tooth-shaped electrodes 161, 165 are disposed in a state whereby 
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their respective electrode teeth 163, 167 lie in mutually 
displaced positions, such that they do not make contact with each 
other when the element is driven in rotation. 

Two drive mechanisms 170 are disposed in a symmetrical 
fashion, with respect to the mirror section 110, each comprising 
a comb tooth-shaped electrode 171 and comb tooth-shaped 
electrode 175. The comb tooth-shaped electrode 171 is a region 
originating principally in the first silicon layer, and it has 
a base section 172 which is fixed to the mirror section 110, and 
a plurality of electrode teeth 172 which project from this base 
section 173. The comb tooth-shaped electrode 175 is a region 
originating principally in the second silicon layer, and it has 
a base section 176 which is fixed to the inner frame 12 0 and 
projects in an inward direction, and a plurality of electrode 
teeth 176 which project from this base section 177. when the 
element is not driven in rotation, the comb tooth-shaped 
electrodes 171, 175 are positioned at mutually different heights, 
as illustrated by Fig. 2A and Fig. 4A. Moreover, the comb 
tooth-shaped electrodes 171, 175 are disposed in a state whereby 
their respective electrode teeth 173, 177 lie in mutually 
displaced positions, such that they do not make contact with each 
other when the element is driven in rotation. 

Two drive mechanisms 180 are disposed in a symmetrical 
fashion, with respect to the mirror section 110 and inner frame 
120, each comprising a comb tooth-shaped electrode 181 and a comb 
tooth-shaped electrode 185 . The comb tooth-shaped electrode 181 
is a region originating principally in the first silicon layer, 
and it has a base section 182 which is fixed to the inner frame 
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120 and projects in an outward direction, and a plurality of 
electrode teeth 182 which project from this base section 183. 
The con* tooth-shaped electrode 185 is a region originating 
principally i„ the second silicon layer, and it has a base 
: section 186 which is fixed to the outer frame 130 and projects 
in an inward direction, and a plurality of electrode teeth 186 
which project from this base section 187. when the element is 
not driven in rotation, the comb tooth-shaped electrodes 181, 
185 are positioned at mutually different heights, as illustrated 
by Fig. 5A and Fig. 6 A. Moreover, the comb tooth-shaped 
electrodes 181, 185 are disposed in a state whereby their 
respective electrode teeth 183, 187 lie in mutually displaced 
positions, such that they do not make contact with each other 
when the element is driven in rotation. 

Two drive mechanisms 190 are disposed in a symmetrical 
fashion, with respect to the mirror section 110 and inner frame 
120, each comprising a comb tooth-shaped electrode 191 and a comb 
tooth-shaped electrode 195. The comb tooth-shaped electrode 191 
is a region originating principally in the first silicon layer, 
and it has a base section 192 which is fixed to the inner frame 
120 and projects in an outward direction, and a plurality of 
electrode teeth 192 which project from this base section 193 
The comb tooth-shaped electrode 195 is a region originating 
principally in the second silicon layer, and it has a base 
section 196 which is fixed to the outer frame 130 and projects 
in an inward direction, and a plurality of electrode teeth 196 
which project from this base section 197. when the element is 
not driven in rotation, the comb tooth-shaped electrodes 191 
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195 are positioned at mutually different heights, as illustrated 
by Fig. 5A and Fig. 7A . Moreover , ^ ^ 

electrodes 191. l9s are disposed in a state whereby their 
respective electrode teeth 193, 197 lie in mutually displaced 
positions, such that they do not make contact with each other 
when the element is driven in rotation. 

As described above, the micro-mirror element XI i s 
manufactured by carrying out processes on a material substrate 
having a multiple-layer structure, by means of bulk 
micro-machining technology, such as MEMS technology. Moreover 
as described above, in the present embodiment, the material 
substrate has a laminated structure consisting of a first and 
second silicon layer, and an insulating layer interposed between 
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in the manufacture of the micro-mirror element XI, more 
specifically, respective silicon layers are processed by 
carrying out etching on a material substrate, at prescribed 
trmings. using an etching mask covering the region corresponding 
to the mirror section 110. an etching mask covering the region 
corresponding to the inner frame 120. an etching mask covering 
the region corresponding to the outer frame 130. an etching mask 
covering the region corresponding to the pair of connecting 
sections 140. an etching mask covering the region corresponding 
to the pair of connecting sections 150 . an etching masks covering 
the regions corresponding to the respective drive mechanisms 160 
"0. ISO, 190. as appropriate. Per the etching technique, it 
is possible to adopt a dry etching method, such as Deep Reactive 
ion Etching (RIE) , or a wet etching method using KOH, or the like 
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The unwanted regions of the insulating layer are removed as 
appropriate by etching, m this way, the respective regions of 
the micro-mirror element XI are formed on a material substrate 
having a first and second silicon layer and an insulating layer, 
in the present invention, when manufacturing the micro-mirror 
element XI, it is also possible to adopt a material substrate 
having a different laminated structure. 

in the micro-mirror element XI, by appl ying prescribed 
electric potentials, as and when necessary, to the respective 
comb tooth-shaped electrodes 161, 165, 171, 175, 181, 185, 191, 
195, it is possible to cause the mirror section 110 to rotate 
about the axis of rotation Al . 

By applying a prescribed electric potential to the con*, 
tooth-shaped electrodes 181, 185 of the drive mechanisms 180 
15 a prescribed electrostatic attraction is generated between the 
comb tooth-shaped electrodes 181. 185. whereby the comb 
tooth-shaped electrode 181 is drawn inside the comb tooth-shaped 
electrode 185, such that the respective electrodes assume the 
orientation illustrated in Fig. 5B and rig. 6B , for example. By 
this means, the inner fraa,e 120 and the mirror section 110 
accompanying same perform rotational operation about the axis 
of rotation Al, with respect to the outer frame 130. The amount 
of rotational displacement performed in this rotational 
operation can be governed by adjusting the applied electric 
25 potential. 

In a state where the comb tooth-shaped electrodes 181, 18S 

have assumed the orientation shown in Fig. SB and Fig. 6B, if 

a prescribed electrostatic attract- -i nn i~ 

duic attraction is generated between the 
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comb tooth-shaped electrodes 161, 165 by applying a prescribed 
electric potential to the comb tooth-shaped electrodes 161, 165 
of the drive mechanisms 160, then either comb tooth-shaped 
electrode 161 will be drawn inside the comb tooth-shaped 
electrode 165, and the two electrodes will assume the 
orientation illustrated in Fig. 2B and Fig. 3B, for example. By 
this means, the mirror section 110 performs rotational operation 
about the axis of rotation Al, with respect to the inner frame 
120. The amount of rotational displacement performed in this 
rotational operation can be governed by adjusting the applied 
electric potential. 

The overall amount of displacement of the mirror section 
110 corresponds to the total of the respective displacements 
caused by the two types of rotational movement described above . 
Rotational operation of the mirror section 110 in the opposite 
direction about the axis of rotation Al can be achieved by 
generating a prescribed electrostatic attraction in the drive 
mechanisms 190, similarly to the operation described above with 
respect to the drive mechanisms 180, whilst also generating a 
prescribed electrostatic attraction in the drive mechanisms 170, 
similarly to the operation described above with respect to the 
drive mechanisms 160, as illustrated in Fig. 2C, Fig. 4b, Fig. 
5C and Fig. 7B,. for example. By driving the mirror section 110 
to swing in the above fashion, it is possible to switch the 
direction of reflection of the light reflected by the mirror 
surface 111 provided on the mirror section 110. 

Fig. 8 shows one example of a drive configuration for the 
micro-mirror element XI. Fig. 8A shows the change over time of 
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the voltage applied to the comb tooth-shaped electrodes 165 of 
the drive mechanisms 160 and the comb tooth-shaped electrodes 
185 of the drive mechanisms 180. Fig. 8B shows the change over 
time of the voltage applied to the comb tooth-shaped electrodes 
175 of the drive mechanisms 170 and the comb tooth-shaped 
electrodes 195 of the drive mechanisms 190 . In the graph in Fig. 
8A and the graph in Fig. 8B, the time (t) is represented on the 
horizontal axis, and the applied voltage (v) is represented on 
the vertical axis. In the present drive mode, the comb 
tooth-shaped electrodes 161, 171, 181, 191 are connected to 
ground. Furthermore, Fig. 8C shows the change over time of the 
angle of rotation of the mirror section 110 in the present drive 
mode, in the graph in Fig. 8C, time (t) is represented on the 
horizontal axis, and the angle of rotation (9) is represented 
on the vertical axis. 

In the present drive mode, firstly, a prescribed voltage 
V X is applied between time T 0 and time T x , as shown in Fig. 8A, 
to the respective comb tooth-shaped electrodes 165, 185 of the 
micro-mirror element XI in an initial state (where the angle of 
rotation of the mirror section 110 is 0») at time T 0 , such that 
the rotational displacement of the mirror section 110 reaches 
a maximum angle of rotation 6 X at time Tl . Between time T 0 and 
T lf an electrostatic attraction is generated between the comb 
tooth-shaped electrodes 161, 165 and the comb tooth-shaped 
electrodes 181, 185, and the angle of rotation of the mirror 
section 110 increases continuously in a first direction. At time 
T 1# the drive mechanisms 160 assume the orientation illustrated 
in Fig. 2B and Fig. 3B, for example, and the drive mechani; 
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180 assume the orientation illustrated in Fig. 5B and Fig. 6B, 
for example, whilst the angle of rotation reaches B x as 
illustrated in Fig. 8C . In this case, a prescribed twisting 
reaction is generated in the connecting sections 140, 150. 
5 Thereupon, at time Ti, the applied voltage to the respective 

comb tooth-shaped electrodes 165, 185 is set substantially to 
0V. Subsequently, between time T x and T 2 , the twisting reaction 
of the connecting sections 140, 150 acts as a restoring force, 
and the angle of rotation decreases continuously. At time T 2 , 
10 the drive mechanisms 16 0, 170 assume the orientation illustrated 
in Fig. 2A, Fig. 3A and Fig. 4A, and the drive mechanisms 180, 
190 assume the orientation illustrated in Fig. 5A, Fig. 6A and 
Fig. 7A, whilst the angle of rotation reaches 0° as illustrated 
in Fig. 8C. 

15 Thereupon, between time T 2 and time T 3 , a prescribed voltage 

V 2 is applied to the respective comb tooth-shaped electrodes 175, 
195, as illustrated in Fig. 8B, such that the rotational 
displacement of the mirror section 110 reaches a maximum angle 
of rotation G 2 at time T 3 . Between time T 2 and T 3 , an electrostatic 

20 attraction is generated between the comb tooth-shaped 
electrodes 171, 175 and the comb tooth-shaped electrodes 191, 
195, and the angle of rotation of the mirror section 110 
increases continuously in a second direction that is opposite 
to the. first direction. At time T 3 , the drive mechanisms 17 0 

25 assume the orientation illustrated in Fig. 2C and Fig. 4B, for 
example, and the drive mechanisms 190 assume the orientation 
illustrated in Fig. 5C and Fig. 7B, for example, whilst the angle 
of rotation reaches 6 2 as illustrated in Fig. 8C . In this case, 
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a prescribed twisting reaction is generated in the connecting 
sections 140, 150. 

Thereupon, at time T 3 , the applied voltage to the respective 
comb tooth-shaped electrodes 175. 195 is set substantially to 
5 0V. Subsequently, between time T 3 and T«, the twisting reaction 
of the connecting sections 140, 150 acts as a restoring force, 
and the angle of rotation decreases continuously. At time T 4 ! 
the drive mechanisms 160, 170 assume the orientation illustrated 
in Fig. 2A, Fig. 3A and Fig. 4A, and the drive mechanisms 180 
10 190 assume the orientation illustrated in Fig. 5A, Fig. 6A and 
Fig. 7A. whilst the angle of rotation reaches 0» as illustrated 
in Fig. SC. The sequence of operations described above, from 
time T 0 to time T 4 are repeated, according to requirements. 

in the present drive mode, preferably, the voltage V a and 
15 the voltage v 2 are the same, and the absolute value of the angle 
of rotation e, is the same as the absolute value of the angle 
of rotation 9 2 . Moreover, the respective periods between time 
To and time Tl . between time T, and time T 2 , between time T 2 and 
time T 3 . and between time T 3 and time t. are preferably set to 
20 the same length, and each constitute respectively one quarter 
of a cycle of the swinging operation of the mirror section 110 
in this way. it is possible to achieve a cyclical rotational 
operation of the mirror section 110 of the micro-mirror element 
XI. 

25 In the micro-mirror element vi _ , 

element XI, the stroke of the drive 

mechanisms 180 and the stroke of the drive mechanisms 160, or 
the stroke of the drive mechanisms 190 and the stroke of the drive 
mechanisms 170, are Mutually superimposed and thus a long stroke 
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is ensured. Since an effectively long stroke is ensured by 
superimposition of the strokes of two types of drive mechanisms, 
then it is possible to form the respective drive mechanisms 
formed by sets of comb tooth-shaped electrodes, for example, to 
a relatively thin size (to a relatively short length in the 
direction of rotational operation) . Therefore, the movable 
section (mirror section 110 and inner frame 120) which tends to 
be formed to a thickness that reflects the thickness of the drive 
mechanisms, can be formed to a relatively thin size. The thinner 
the movable section, the lighter the weight thereof, and hence 
the more suitable it is for achieving high speeds of operation. 
In this way, the micro-mirror element XI is suitable for 
achieving a high speed of operation for rotational operations 
of the mirror section 110 involving large amounts of rotational 
displacement. 

In the micro-mirror element XI, by disposing the drive 
mechanisms 160 and the drive mechanisms 180 electrically in 
parallel, and disposing the drive mechanisms 170 and the drive 
mechanisms 190 electrically in parallel, it is possible to 
simplify the control of the rotational drive operation. For 
example, if the respective comb tooth-shaped electrodes 161 of 
the two drive mechanisms 160 and the respective comb 
tooth-shaped electrodes 181 of the two drive mechanisms 180 are 
disposed electrically in parallel, and if the respective comb 
tooth-shaped electrodes 165 of the two drive mechanisms 160 and 
the respective comb tooth-shaped electrodes 185 of the two drive 
mechanisms 180 are disposed electrically in parallel, then when 
driving rotation, the same electrical potential is applied 
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simultaneously to all of the comb tooth-shaped electrodes 161, 
181, and the same electrical potential is applied simultaneously 
to all of the comb tooth-shaped electrodes 165, 185, and hence 
it is possible to achieve common control of the drive mechanisms 
160, 180. Moreover, if the respective comb tooth-shaped 
electrodes 170 of the two drive mechanisms 171 and the respective 
comb tooth-shaped electrodes 190 of the two drive mechanisms 191 
are disposed electrically in parallel, and if the respective 
comb tooth-shaped electrodes 175 of the two drive mechanisms 170 
and the respective comb tooth-shaped electrodes 195 of the two 
drive mechanisms 190 are disposed electrically in parallel, then 
when driving rotation, the same electrical potential is applied 
simultaneously to all of the comb tooth-shaped electrodes 171, 
191, and the same electrical potential is applied simultaneously 
to all of the comb tooth-shaped electrodes 175, 195, and hence 
it is possible to achieve common control of the drive mechanisms 
170, 190. 

In a design in which the maximum relative angle of 
rotational displacement of the mirror section 110 with respect 
to the inner frame 12 0 that can be achieved by means of the drive 
mechanisms 160, 170, and the maximum relative angle of 
rotational displacement of the inner frame 120 with respect to 
the outer frame 13 0 that can be achieved by means of the drive 
mechanisms 180, 190, are set so as to be equal, if the drive 
mechanisms 160, 180 are controlled commonly as described above, 
for example, and if the drive mechanisms 170, 190 are controlled 
commonly as described above, for example, then taking the 
twisting spring constant of the connecting sections 140, 150 to 
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be ki and k 2 respectively, and the rotational torque generated 
by the drive mechanisms 160, 170 and the drive mechanisms 180, 
190 to be Ti and T 2 , respectively, it is possible to control the 
drive mechanisms with the greatest level of efficiency when the 
conditions in equation (1) below are satisfied. On the other 
hand, in a design in which the ratio between the maximum relative 
angle of rotational displacement of the mirror section 110 with 
respect to the inner frame 120 that can be achieved by means of 
the drive mechanisms 160, 170, and the maximum relative angle 
of rotational displacement of the inner frame 12 0 with respect 
to the outer frame 13 0 that can be achieved by means of the drive 
mechanisms 180, 190, is set to be l:a, if the drive mechanisms 
160, 180 are controlled commonly as described above, for example, 
and if the drive mechanisms 170, 190 are controlled commonly as 
described above, for example, then taking the twisting spring 
constant of the connecting sections 140, 150 to be ki and k 2 
respectively, and the rotational torque generated by the drive 
mechanisms 160, 170 and the drive mechanisms 180, 190 to be Ti 
and T 2 , respectively, it is possible to control the drive 
mechanisms with the greatest level of efficiency when the 
conditions in equation (2) below are satisfied. Furthermore, 
if the inertias of the mirror section 110 and the inner frame 
120 are taken to be Ij. and l 2 , respectively, then preferably, 
the values of h 1 /X 1 and k 2 /(I 1+ l 2 ) should be equal in the 
micro-mirror element XI. 

ki/T!=k 2 /T 2 (i) 

a(ki/Ti=k 2 /T 2 ) (2) 
In the micro-mirror element XI, by disposing the drive 
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mechanisms 160 and the drive mechanisms 180 in electrically 
separate fashion, and disposing the drive mechanisms 170 and the 
drive mechanisms 190 in electrically separate fashion, it is 
possible to achieve high precision in the control of the 
rotational drive operation. if a composition of this kind is 
adopted, then by independently adjusting the driving force or 
rotational torque generated by the respective drive mechanisms 
160, 170, 180, 190, it is possible to control the two types of 
rotational operation about the axis of rotation Al, 
independently. In this case also, it is desirable that the 
conditions stipulated in Equation (1) or Equation (2) are 
satisfied. 

Fig. 9 - Fig. 15 show a micro-mirror element X2 according 
to a second embodiment of the present invention. Fig. 9 is a 
plan view of the micro-mirror element X2 , and Fig. 10 is a 
cross-sectional view along line X - X in Fig. 9. Furthermore, 
Fig. 11 to Fig. 15 are cross-sectional views along line XI -XI, 
line XII - XII, line XIII - XIII, line XIV - XIV and line XV - 
XV in Fig. 9, respectively. 

The micro-mirror element X2 comprises a mirror section 110, 
an inner frame 12 0, an outer frame 130, a pair of connecting 
sections 140, a pair of connecting sections 150, and respective 
pairs of drive mechanisms 260, 270, 280, 290. The micro-mirror 
element X2 differs from the micro-mirror element XI in respect 
of the fact that it is equipped with drive mechanisms 260, 270, 
280 and 290, instead of the drive mechanisms 160, 170, 180 and 
190. Moreover, similarly to the micro-mirror element XI, the 
micro-mirror element X2 is manufactured by carrying out 
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processing on a material substrate, which is an SOI substrate, 
by means of a bulk micro-machining technology, such as MEMS 
technology, or the like. The material substrate has a laminated 
structure consisting, for example, of first and second silicon 
layers, and an insulating layer interposed between these silicon 
layers, a prescribed type of conductivity being imparted to the 
respective silicon layers by doping with an impurity. For the 
purpose of clarifying the diagrams, in Fig. 9, the areas 
originating in the first silicon layer which project in the 
direction of the reader beyond the insulating layer are marked 
by diagonal hatching (with the exception of the mirror surface 
111) . 

Two drive mechanisms 2 60 provided in the micro-mirror 
element X2 are disposed in a symmetrical fashion, with respect 
to the mirror section 110, each comprising a comb tooth-shaped 
electrode 261 and comb tooth-shaped electrode 265. The comb 
tooth-shaped electrode 2 61 is a region originating principally 
in the first silicon layer, and it has a base section 262 which 
is fixed to the mirror section 110, and a plurality of electrode 
teeth 262 which project from this base section 263. The comb 
tooth-shaped electrode 2 65 has a laminated structure consisting 
of a conductor section 265a, a conductor section 265b, and an 
insulating section 2 65c for electrically separating the two 
conductor sections, and also has a base section 2 66 which is 
fixed to the inner frame 120 and projects in an inward direction, 
and a plurality of electrode teeth 267 which project from this 
base section 266. The conductor sections 265a, 265b are regions 
which originate respectively in the first and second silicon 

49 



layer. When the element is not driven in rotation, the comb 
tooth-shaped electrode 261 and the base section 265b of the comb 
tooth-shaped electrode 265 are positioned at mutually different 
heights, as illustrated by Fig. 10A and Fig. ll A . Moreover, the 
comb tooth-shaped electrodes 261, 265 are disposed in a state 
whereby their respective electrode teeth 263, 267 lie in 
mutually displaced positions, such that they do not make contact 
with each other. 

Two drive mechanisms 270 are disposed in a symmetrical 
fashion, with respect to the mirror section 110, each comprising 
a comb tooth-shaped electrode 271 and comb tooth-shaped 
electrode 275. The comb tooth-shaped electrode 271 is a region 
originating principally in the first silicon layer, and it has 
a base section 272 which is fixed to the mirror section 110, and 
a plurality of electrode teeth 272 which project from this base 
section 273 . The comb tooth-shaped electrode 275 has a laminated 
structure consisting of a conductor section 275a, a conductor 
section 275b, and an insulating section 275c for electrically 
separating the two conductor sections, and also has a base 
section 276 which is fixed to the inner frame 120 and projects 
in an inward direction, and a plurality of electrode teeth 277 
which project from this base section 276 . The conductor sections 
275a, 275b are regions which originate respectively in the first 
and second silicon layers. When the element is not driven in 
rotation, the comb tooth-shaped electrode 271 and the base 
section 275b of the comb tooth-shaped electrode 275 are 
positioned at mutually different heights, as illustrated by Fig. 
10A and Fig. 12A. Moreover, the comb tooth-shaped electrodes 
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271, 275 are disposed in a state whereby their respective 
electrode teeth 273, 277 lie in mutually displaced positions, 
such that they do not make contact with each other. 

Two drive mechanisms 280 are disposed in a symmetrical 
fashion, with respect to the mirror section 110 and inner frame 
120, each comprising a comb tooth-shaped electrode 281 and a comb 
tooth-shaped electrode 285 . The comb tooth-shaped electrode 281 
is a region originating principally in the first silicon layer, 
and it has a base section .282 which is fixed to the inner frame 
120, and a plurality of electrode teeth 283 which project from 
this base section 282. The comb tooth-shaped electrode 285 has 
a laminated structure consisting of a conductor section 285a, 
a conductor section 285b, and an insulating section 285c for 
electrically separating the two conductor sections, and also has 
a base section 286 which is fixed to the outer frame 130 and 
projects in an inward direction, and a plurality of electrode 
teeth 287 which project from this base section 286. The 
conductor sections 285a, 285b are regions which originate 
respectively in the first and second silicon layers. When the 
element is not driven in rotation, the comb tooth-shaped 
electrode 2 81 and the base section 2 85b of the comb tooth-shaped 
electrode 285 are positioned at mutually different heights, as 
illustrated by Fig. 13A and Fig. 14A. Moreover, the comb 
tooth-shaped electrodes 281, 285 are disposed in a state whereby 
their respective electrode teeth 283, 287 lie in mutually 
displaced positions, such that they do not make contact with each 
other. 

Two drive mechanisms 29 0 are disposed in a symmetrical 
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fashion, with respect to the mirror section 110 and inner frame 
120, each comprising a comb tooth-shaped electrode 291 and a comb 
tooth-shaped electrode 295 . The comb tooth-shaped electrode 291 
is a region originating principally in the first silicon layer, 
and it has a base section 292 which is fixed to the inner frame 
120, and a plurality of electrode teeth 292 which project from 
this base section 293 . The comb tooth-shaped electrode 295 has 
a laminated structure consisting of a conductor section 295a, 
a conductor section 295b, and an insulating section 295c for 
electrically separating the two conductor sections, and also has 
a base section 296 which is fixed to the outer frame 130 and 
Projects in an inward direction, and a plurality of electrode 
teeth 297 which project from this base section 296. The 
conductor sections 295a, 295b are regions which originate 
respectively in the first and second silicon layers, when the 
element is not driven in rotation, the comb tooth-shaped 
electrode 291 and the base section 295b of the comb tooth-shaped 
electrode 295 are positioned at mutually different heights, as 
illustrated by Fig. 13A and Fig . 15A . Moreover , ^ ^ 
tooth-shaped electrodes 291, 295 are disposed in a state whereby 
their respective electrode teeth 293, 297 lie in mutually 
displaced positions, such that they do not make contact with each 



other. 
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in the micro-mirror element X2. by applying prescribed 
electric potentials, as and when necessary, to the comb 
tooth-shaped electrodes 261, 271, 281, 291, the conductor 
sections 265a, 265b of the comb tooth-shaped electrodes 265, the 
conductor sections 275a, 275b of the comb tooth-shaped 



52 



electrodes 275, the conductor sections 285a. 285b of the con* 
tooth-shaped electrodes 285. and the conductors sections 295a 
295b of the con* tooth-shaped electrodes 295. it is possible to 
cause the mirror section 110 to perform rotational operation 
5 about the axis of rotation Al. 

Fig. 16 shows one example of a drive mode for the 
micro-mirror element X2 . Fig . 1 6A sh ows the change ^ ^ 
of the voltage applied to the conductor sections 265b of the comb 
tooth-shaped electrodes 265 of the drive mechanisms 260 and the 
10 conductor sections 285b of the comb tooth-shaped electrodes 285 
of the drive mechanisms 280. Fig. 16B shows che change ^ ^ 
of the voltage applied to the conductor sections 275b of the con* 
tooth-shaped electrodes 275 of the drive mechanisms 270 and the 
conductor sections 295b of the comb tooth-shaped electrodes 295 
!5 of the drive mechanisms 290 . Fig . lsc shows the change ^ ^ 
Of the voltage applied to the conductor sections 265a of the con* 
tooth-shaped electrodes 265 of the drive mechanisms 260 the 
conductor section 275a of the comb tooth-shaped eiectrodes 275 
of the drive mechanisms 270, the conductor sections 285a of the 

50 comb tooth-shaped electrodes 285 of r v, a x • 

S of the drive mechanisms 280 

and the conductor sections 295a of the comb tooth-shaped 
electrodes 295 of the drive mechanisms 290. m the respective 
graphs in Pig. 16A - Fig . 16c , ^ ^ (tj ^ ^ 

the horizontal axis, and the applied voltage ( v, is represented 

5 on the vertical o -r~ ^ 

tical axis. m the present drive mode, the comb 

tooth-shaped electrodes 261, 271, 281, 291 are connected to 

ground. Furthermore. Fig. 16D shows the change over time of the 

angle of rotation of the mirror section 110 in the present drive 
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■node, in the graph in Fig. 16D. time (t) is represented Qn ^ 
horizontal axis, and the angle of rotation ,9, is represented 
on the vertical axis. 

in the present drive mode, firstly, a prescribed voltage 
6 V, is applied between time T 0 and time Tl , as shown in Fig. 16A 
to the conductor sections 265b, 285b of the respective comb 
tooth-shaped electrodes 265, 285 of the micro-mirror element X2 
m an initial state (where the angle of rotation of the mirror 
section 110 is at time T 0 , such that the rotational 

10 displacement of the mirror section 110 reaches a maximum angle 
of rotation 6, at time T,. Between time T 0 and Tl . an electrostatic 
attraction is generated between the each comb tooth-shaped 
electrode 261 and the conductor section 265b. and between each 
comb tooth-shaped electrode 281 and the conductor section 285b 
15 and the angle of rotation of the mirror section 110 increases 
continuously in a first direction. At time T„ the drive 
mechanisms 260 assume the orientation illustrated in Fig. 10B 
and Fig. 11 B , for example, and the drive mechanisms 280 assume 
the orientation illustrated in Fig. 13BandFig. 14B, for example 
20 whilst the angle of rotation reaches 6l , as illustrated in Fig ' 
16D. in this case, a prescribed twisting reaction is generated 
in the connecting sections 140, 150. 

Next, between time Tl and time T 2 , the voltage applied to 
the conductor sections 265b, 285b is set substantially to zero 
» and a prescribed voltage v 2 is applied to the respective 
conductor sections 265a. 275a. 285a. 295a. as illustrated in Fig 
16B. curing this time period, in addition to the twisting 
reactions of the connecting sections 140. 150 acting as 
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restoring forces, an electrostatic attraction is generated 
between the comb tooth-shaped electrode 2 61 and the conductor 
section 265b, between the comb tooth-shaped electrode 271 and 
the conductor section 275b, between the comb tooth-shaped 
electrode 2 81 and the conductor section 285b, and between the 
comb tooth-shaped electrode 291 and the conductor section 295b, 
and hence the angle of rotation of the mirror section 110 
decreases continuously. At time T 2 , the drive mechanisms 2 60, 
270 assume the orientation illustrated in Fig. 10A, Fig. 11A and 
Fig. 12A, and the drive mechanisms 280, 290 assume the 
orientation illustrated in Fig. 13A, Fig. 14A and Fig. 15a, 
whilst the angle of rotation reaches 0= as illustrated in Fig. 
16D. 

Thereupon, between time T 2 and time T 3 , a prescribed voltage 
V 3 is applied to the respective conductor sections 275b, 295b, 
and the voltage applied to the respective conductor sections 
265a, 275a, 285a, 295a is set substantially to 0V, as illustrated 
in Fig. 16B, such that the rotational displacement of the mirror 
section 110 reaches a maximum angle of rotation 6 2 at time T 3 . 
Between time T 2 and T 3 , an electrostatic attraction is generated 
between each comb tooth-shaped electrode 271 and the conductor 
section 275b, and between each comb tooth-shaped electrode 2 91 
and the conductor section 295b, and the angle of rotation of the 
mirror section 110 increases continuously in a second direction 
which is opposite to the first direction. At time T 3/ the drive 
mechanisms 270 assume the orientation illustrated in Fig. 10C 
and Fig. 12B, for example, and the drive mechanisms 290 assume 
the orientation illustrated in Fig. 13CandFig. 15B, for example, 
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whilst the angle of rotation reaches 9 2 as illustrated in Fig. 
16D. In this case, a prescribed twisting reaction is generated 
in the connecting sections 140, 150. 

Next, between time T 3 and time T 4 , the voltage applied to 
the conductor sections 275b, 295b is set substantially to zero, 
and a prescribed voltage V 4 is applied to the respective 
conductor sections 265a, 275a, 285a, 295a, as illustrated in Fig. 
16C. During this time period, in addition to the twisting 
reactions of the connecting sections 140, 150 acting as 
restoring forces, an electrostatic attraction is generated 
between the comb tooth-shaped electrode 261 and the conductor 
section 265b, between the comb tooth-shaped electrode 271 and 
the conductor section 275b, between the comb tooth-shaped 
electrode 281 and the conductor section 285b, and between the 
comb tooth-shaped electrode 291 and the conductor section 295b, 
and hence the angle of rotation of the mirror section 110 
decreases continuously. At time T 4 , the drive mechanisms 260, 
270 assume the orientation illustrated in Fig. 10A, Fig. 11A and 
Fig. 12A, and the drive mechanisms 280, 290 assume the 
orientation illustrated in Fig. 13A, Fig. 14A and Fig. ISA, 
whilst the angle of rotation reaches 0= as illustrated in Fig. 
16D. The sequence of operations described above, from time T 0 
to time T 4 , are repeated, according to requirements. 

in the present drive mode, preferably, the voltage V 1 and 
the voltage V 3 are the same, the voltage V 2 and the voltage V 4 
are the same, and the absolute value of the angle of rotation 
0i is the same as the absolute value of the angle of rotation 
6 2 . Moreover, preferably, the voltages V 2 and V 4 are less than 
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the voltages V x and V 3 . Moreover, preferably, the respective 
periods between time T 0 and time Tl , between time Tl and time T 2 , 
between time T 2 and time T 3 , and between time T 3 and time T 4 are 
set to the same length, and eaoh constitute respectively one 
5 quarter of a cycle of the rotational operation of the mirror 
section 110. m this way, it is possible to achieve a cyclical 
rotational operation of the mirror section 110 of the 
micro-mirror element X2 . 

In the micro-mirror element X2, the stroke of the drive 
10 mechanisms 280 and the stroke of the drive mechanisms 260, or 
the stroke of the drive mechanisms 290 and the stroke of the drive 
mechanisms 270. are mutually superimposed and thus a long stroke 
is ensured. since an effectively lon g stroke is ensured by 
superimposition of the strokes of two types of drive mechanisms 
'* then it is possible to form the respective drive mechanisms 
formed by sets of comb tooth-shaped electrodes, for example, to 
a relatively thin size <to a relatively short length in the 
direction of rotational operation, . Therefore, the movable 
section (mirror section 110 and inner frame 120) which tends to 
0 be formed to a thickness that reflects the thickness of the drive 
mechanisms, can be formed to a relatively thin size. The thinner 
the movable section, the lighter the weight thereof, and hence 
the more suitable it is for achieving high speeds of operation, 
in this way. the micro-mirror element X2 is suitable for 
■ achieving a high speed of operation for rotational operations 
of the mirror section 110 involving large amounts of rotational 
displacement . 

In the micro-mirror element X? 

enc Azj, by disposing the drive 
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mechanisms 260 and the drive mechanisms 280 electrically in 
parallel, and disposing the drive mechanisms 270 and the drive 
mechanisms 290 electrically in parallel, it is possible to 
simplify the control of the rotational drive operation. For 
5 example, if the respective comb tooth-shaped electrodes 261 and 
the respective comb tooth-shaped electrodes 281 are disposed 
electrically in parallel, the conductor sections 265a of the 
respective comb tooth-shaped electrodes 2 65 and the conductor 
sections 285a of the respective comb tooth-shaped electrodes 285 

10 are disposed electrically in parallel, and the conductor 
sections 265b of the respective comb tooth-shaped electrodes 265 
and the conductor sections 2 85b of the respective comb 
tooth-shaped electrodes 285 are disposed electrically in 
parallel, then when driving rotation, the same electric 

15 potential will be supplied simultaneously to all of the comb 
tooth-shaped electrodes 261, 281, simultaneously, the same 
electric potential will be supplied simultaneously to all of the 
conductor sections 265a, 285a, and the same electric potential 
will be supplied simultaneously to all of the conductor sections 

20 265b, 285b, and consequently it is possible to perform common 
control of the drive mechanisms 260, 280. Moreover, if the 
respective comb tooth-shaped electrodes 271 and the respective 
comb tooth-shaped electrodes 291 are disposed electrically in 
parallel, the conductor sections 275a of the respective comb 

25 tooth-shaped electrodes 275 and the conductor sections 295a of 
the respective comb tooth-shaped electrodes 295 are disposed 
electrically in parallel, and the conductor sections 275b of the 
respective comb tooth-shaped electrodes 275 and the conductor 



sections 295b of the respective comb tooth-shaped electrodes 295 
are disposed electrically in parallel, then when driving 
rotation, the same electric potential will be supplied 
simultaneously to all of the comb tooth-shaped electrodes 271, 
5 291, simultaneously, the same electric potential will be 
supplied simultaneously to all of the conductor sections 275a, 
295a. and the same electric potential will be supplied 
simultaneously to all of the conductor sections 275b, 295b, and 
consequently it is possible to perform common control of the 
10 drive mechanisms 270, 290. 

m a design in which the maximum relative angle of 
rotational displacement of the mirror section 110 with respect 
to the inner frame 120 that can be achieved by means of the drive 
mechanisms 260. 270. and the maximum relative angle of 
15 rotational displacement of the inner frame 120 with respect to 
the outer frame 130 that can be achieved by means of the drive 
mechanisms 280. 290, are set so as to be equal, if the drive 
mechanisms 260. 280 are controlled commonly as described above, 
for example, and if the drive mechanisms 270, 290 are controlled 
20 commonly as described above, for example, then taking the 
twisting spring constant of the connecting sections 140, 150 to 
be kl and k 2 respectively, and the rotational torque generated 
by the drive mechanisms 260, 270 and the drive mechanisms 280 
290 to be Tl and T 2 . respectively, it is possible to control the 
25 drive mechanisms with the greatest level of efficiency when the 
conditions in equation (1, above are satisfied. On the other 
hand, in a design in which the ratio between the maximum relative 
angle of rotational displacement of the mirror section 110 with 
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respect to the inner frame 120 that can be achieved by means of 
the drive mechanisms 260, 270, and the maximum relative angle 
of rotational displacement of the inner frame 120 with respect 
to the outer frame 130 that can be achieved by means of the drive 
5 mechanisms 280, 290, is set to be l:a, if the drive mechanisms 
260, 280 are controlled commonly as described above, for example, 
and if the drive mechanisms 270, 290 are controlled commonly 
described above, for example, then taking the twisting spring 
constant of the connecting sections 140, 150 to be k a and k 2 
10 respectively, and the rotational torque generated by the drive 
mechanisms 260, 270 and the drive mechanisms 280, 290 to be Tl 
and T 2 , respectively, it is possible to control the drive 
mechanisms with the greatest level of efficiency when the 
conditions in equation (2) above are satisfied. 
15 Fig. 17 - Fig. 24 show a micro-mirror element X3 according 

to a third embodiment of the present invention. Fig. 17 is a 
Plan view of the micro-mirror element X3 , and Fig. 18 to Fig. 
20 are cross-sectional views along line XVIII - XVIII in Fig. 
17. Furthermore, Fig. 21 to Fig. 24 are cross-sectional views 
20 along line XXI - XXI, line XXII - XXII, line XXIII - XXIII, line 
XXIV - XXIV and line XV - XV in Fig. 17, respectively. 

The micro-mirror element X3 comprises a mirror section 310, 
a frame 320, a pair of connecting sections 330, and respective 
Pairs of drive mechanisms 340, 350, 360, 370. Moreover, 
25 similarly to the micro-mirror element XI, the micro-mirror 
element X3 is manufactured by carrying out processing on a 
material substrate, which is an SOI substrate having a 
prescribed laminated structure, by means of a bulk 
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micro -machining technology, such as MEMS technology, or the like 
The material substrate has a laminated structure consisting, for 
example, of first and second silicon layers, and an insulating 
layer interposed between these silicon layers, a prescribed type 
of conductivity being imparted to the respective silicon layers 
by doping with an impurity. For the purpose of clarifying the 
diagrams, in Fig. 17, the areas originating in the first silicon 
layer which project in the direction of the reader beyond the 
insulating layer are marked by diagonal hatching (with the 
exception of the mirror surface 311) . 

The mirror section 310 is a region formed principally in 
the first silicon layer, and it has a mirror surface 311 having 
a light reflecting function, on the front surface thereof. The 
mirror surface 311 has a laminated structure consisting of a Cr 
layer formed on the first silicon layer, and an Ar layer formed 
on the Cr layer. The mirror surface 310 of this kind forms the 
movable section of the present invention. The frame 32 0 is a 
region formed principally in the first silicon layer, in such 
a state that it surrounds the mirror section 310. 

The pair of connecting sections 33 0 are regions formed in 
the first silicon layer, and consist respectively of two torsion 
bars 331. The respective torsion bars 331 are connected to the 
mirror section 310 and the frame 320, thus linking same together. 
The interval between the two torsion bars 330 of the respective 
connecting sections 331 gradually increases from the frame 320 
side towards the mirror section 310 side. The pair of connecting 
sections 330 of this kind define an axis A3 for the rotational 
operation of the mirror section 310 with respect to the frame 
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320. Preferably, the connecting sections 330 which are 
constituted by two torsion bars 331, the interval between which 
gradually increases from the frame 320 side towards the mirror 
section 310 side, prevent unwanted displacement in the 
rotational operation of the mirror section 310. Furthermore, 
it is also possible to constitute the connecting sections 330 
such that two different electric potentials can be applied from 
the frame 320 to the mirror section 310, via the two torsion bars 
331. 

Two drive mechanisms 340 are disposed in a symmetrical 
fashion, with respect to the mirror section 310, each comprising 
a comb tooth-shaped electrode 341 and comb tooth-shaped 
electrode 345. The comb tooth-shaped electrode 341 is a region 
originating principally in the first silicon layer, and it has 
a base section 342 which is fixed to the mirror section 310, and 
a plurality of electrode teeth 343 which project from this base 
section 342. The comb tooth-shaped electrode 345 is a region 
originating principally in the second silicon layer, and it has 
a base section 346 which is fixed to the frame 320 and projects 
in an inward direction, and a plurality of electrode teeth 347 
which project from this base section 346. When the element is 
not driven in rotation, the comb tooth-shaped electrodes 341, 
345 are positioned at mutually different heights, as illustrated 
by Fig. 18 and Fig. 21A. Moreover, the comb tooth-shaped 
electrodes 341, 345 are disposed in a state whereby their 
respective electrode teeth 343, 347 lie in mutually displaced 
positions, such that they do not make contact with each other 
when the element is driven in rotation. 
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Two drive mechanisms 350 are disposed in a symmetrical 
fashion, with respect to the mirror section 310, each comprising 
a comb tooth-shaped electrode 351 and comb tooth-shaped 
electrode 355. The comb tooth-shaped electrode 351 is a region 
originating principally in the first silicon layer, and it has 
a base section 352 which is fixed to the mirror section 310, and 
a plurality of electrode teeth 353 which project from this base 
section 352. The comb tooth-shaped electrode 355 is a region 
originating principally in the second silicon layer, and it has 
a base section 356 which is fixed to the frame 320 and projects 
in an inward direction, and a plurality of electrode teeth 357 
which project from this base section 356. when the element is 
not driven in rotation, the comb tooth-shaped electrodes 351, 
355 are positioned at mutually different heights, as illustrated 
15 by Fig. 18 and Fig. 22A. Moreover, the comb tooth-shaped 
electrodes 351, 355 are disposed in a state whereby their 
respective electrode teeth 353, 357 lie in mutually displaced 
positions, such that they do not make contact with each other 
when the element is driven in rotation. 
» two drive mechanisms 360 are disposed in a symmetrical 

fashion, with respect to the mirror section 310, each comprising 
a comb tooth-shaped electrode 361 and comb tooth-shaped 
electrode 365. The comb tooth-shaped electrode 361 is a region 
originating principally in the first silicon layer, and it has 
5 a base section 362 which is fixed to the mirror section 310, and 
a plurality of electrode teeth 363 which project from this base 
section 362. The comb tooth-shaped electrode 365 is a region 
originating principally in the second silicon layer, and it has 
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a base section 366 which is fixed to the frame 320 and projects 
in an inward direction, and a plurality of electrode teeth 367 
which project from this base section 366. When the element is 
not driven in rotation, the comb tooth-shaped electrodes 3 61, 
365 are positioned at mutually different heights, as illustrated 
by Fig. 18 and Fig. 23A. Moreover, the comb tooth-shaped 
electrodes 361, 365 are disposed in a state whereby their 
respective electrode teeth 363, 367 lie in mutually displaced 
positions, such that they do not make contact with each other 
when the element is driven in rotation. 

Two drive mechanisms 370 are disposed in a symmetrical 
fashion, with respect to the mirror section 310, each comprising 
a comb tooth-shaped electrode 371 and comb tooth-shaped 
electrode 375. The comb tooth-shaped electrode 371 is a region 
originating principally in the first silicon layer, and it has 
a base section 372 which is fixed to the mirror section 310, and 
a plurality of electrode teeth 373 which project from this base 
section 372. The comb tooth-shaped electrode 375 is a region 
originating principally in the second silicon layer, and it has 
a base section 376 which is fixed to the frame 320 and projects 
in an inward direction, and a plurality of electrode teeth 377 
which project from this base section 376. When the element is 
not driven in rotation, the comb tooth-shaped electrodes 371, 
375 are positioned at mutually different heights, as illustrated 
by Fig. 18 and Fig. 24A. Moreover, the comb tooth-shaped 
electrodes 371, 375 are disposed in a state whereby their 
respective electrode teeth 373, 377 lie in mutually displaced 
positions, such that they do not make contact with each other 
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when the element is driven in rotation. 

In the micro-mirror element X3 , by applying prescribed 
electric potentials, as and when necessary, to the respective 
comb tooth-shaped electrodes 341, 345, 351, 355, 361, 365, 371, 
375, it is possible to cause the mirror section 310 to rotate 
about the axis of rotation A3 . 

For example, by applying a prescribed electric potential 
to the comb tooth-shaped electrodes 341, 345 of the drive 
mechanisms 340, a prescribed electrostatic attraction is 
generated between the comb tooth-shaped electrodes 341, 345, and 
by applying a prescribed electric potential to the comb 
tooth-shaped electrodes 361, 365 of the drive mechanisms 360, 
a prescribed electrostatic attraction is generated between the 
comb tooth-shaped electrodes 361, 365, whereby the comb 
tooth-shaped electrodes 341 are respectively drawn inside the 
comb tooth-shaped electrodes 345, and the comb tooth-shaped 
electrodes 361 are respectively drawn inside the comb 
tooth-shaped electrodes 365, such that the drive mechanisms 340, 
360 each assume the orientations illustrated in Fig. 19a, Fig. 
2lBandFig. 23B, for example. By this means, the mirror section 
310 performs rotational operation about the axis of rotation A3, 
with respect to the frame 320. The amount of rotational 
displacement performed in this rotational operation can be 
governed by adjusting the applied electric potential. 
Rotational drive of the mirror section 310 in the opposite 
direction about the axis of rotation A3 can be achieved as 
illustrated in Fig. 20A, Fig. 22B and Fig. 24B, for example, by 
generating a prescribed electrostatic attraction by means of the 
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drive mechanisms 350, 370, in a similar manner to the operation 
described above with respect to the drive mechanisms 340, 360. 
By driving rotation of the mirror section 310 in two directions 
in this fashion, it is possible to switch the direction of 
reflection of the light reflected by the mirror surface 311 
provided on the mirror section 310, as appropriate. 

Fig. 25 shows one example of a drive mode for the 
micro-mirror element X3 . Fig. 25A illustrates the change over 
time of the voltage applied to the comb tooth-shaped electrodes 
345 of the drive mechanisms 340. Fig. 25B illustrates the change 
over time of the voltage applied to the comb tooth-shaped 
electrodes 3 65 of the drive mechanisms 3 60. Fig. 25C illustrates 
the change over time of the voltage applied to the comb 
tooth-shaped electrodes 355 of the drive mechanisms 350. Fig. 
25D illustrates the change over time of the voltage applied to 
the comb tooth-shaped electrodes 375 of the drive mechanisms 370. 
in the respective graphs in Fig. 25A - Fig. 25D, the time (t) 
is represented on the horizontal axis, and the applied voltage 
(v) is represented on the vertical axis, in the present drive 
mode, the comb tooth-shaped electrodes 341, 351, 361, 371 are 
connected to ground. Furthermore, Fig. 25E shows the change over 
time of the angle of rotation of the mirror section 310 in the 
present drive mode. in the graph in Fig. 25E, time (t) is 
represented on the horizontal axis, and the angle of rotation 
(9) is represented on the vertical axis. 

In the present drive mode, firstly, between time T 0 and T x< 
a prescribed voltage Vl is applied to the comb tooth-shaped 
electrodes 345 as illustrated in Fig. 25A, and between T 0 and 
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a prescribed voltage v 2 i s appliea Co the comb tooth _ shape d 
electrodes 365 as illustrated in Pig. 25B . such that che 
rotational displacement of the mirror section 310. which is in 
an initial state ( an g le of rotation of „•) at time T 0 . reaches 
5 a maximum angle of rotation 8, at time T, Between time T 0 and 
time Tl . an electrostatic attraction is generated between the 
comb tooth-shaped electrodes 341. 345 and between the comb 
tooth-shaped electrodes 361. 365, and the angle of rotation of 
the mirror section 310 increases continuously in a first 
10 direction, and at time T 2 , the drive mechanisms 340, 360 assume 
the orientation illustrated in Fig. 1 9A , Fig . 21B and pig 23fi 
for example. At time Tl , prior to the time at which the rotational 
displacement (for example, 9,-). which can be generated in the 
drive mechanisms 340 by a driving force (driving torque, in a 
■6 second direction opposite to the first direction, is reached 
the voltage applied to the comb tooth-shaped electrodes 345 is 
set substantially to 0V. Between time T 2 and T 2 , an electrostatic 
attraction is generated between the comb tooth-shaped 
electrodes 361, 365, and the angle of rotation of the mirror 
20 section 310 increases continuously in a first direction. At time 
T 2 , the drive mechanisms 340, 360 assume the orientation 
illustrated in F ig. 19B , Fig . 21c an<s Fig . ^ £or example ; and 
the angle of rotation reaches e a . as illustrated in Fig. 25E 
in this case, a prescribed twisting reaction is generated in the 
25 connecting sections 330. 

Thereupon, at time T 2 , the voltage applied to the respective 
comb tooth-shaped electrodes 365 is set substantially to 0V 
subsequently, between time T 2 and T 3 , the twisting reaction of 
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the connecting sections 330 acts as a restoring force, and the 
angle of rotation decreases continuously. At time T 3/ the angle 
of rotation reaches 0 fi , as illustrated in Fig. 25E. 

Thereupon, between time T 3 and time T 4 , a prescribed voltage 
5 V 3 is applied to the comb tooth-shaped electrodes 355 as 
illustrated in Fig. 2 5C, and between T 3 and T 5 , a prescribed 
voltage V 4 is applied to the comb tooth-shaped electrodes 375 
as illustrated in Fig. 25D, such that the rotational 
displacement of the mirror section 310 reaches a maximum angle 

10 of rotation 9 2 at time t 5 . Between time T 3 and time T 4/ an 
electrostatic attraction is generated between the comb 
tooth-shaped electrodes 351, 355 and between the comb 
tooth-shaped electrodes 371, 375, and the angle of rotation of 
the mirror section 310 increases continuously in a second 

15 direction, and at time T 4/ the drive mechanisms 350, 37 0 assume 
the orientation illustrated in Fig. 20A, Fig. 22B and Fig. 24B, 
for example. At time T 4 , prior to the time at which the rotational 
displacement (for example, 9 2 ' ) , which can be generated in the 
drive mechanisms 350 by a driving force (driving torque) in a 

20 first direction opposite to the second direction, is reached, 
the voltage applied to the comb tooth-shaped electrodes 355 is 
set substantially to 0V. Between time T 4 and time T 5/ an 
electrostatic attraction is generated between the comb 
tooth-shaped electrodes 371, 375, and the angle of rotation of 

25 the mirror section 310 increases continuously in the second 
direction. At time T 5 , the drive mechanisms 350, 370 assume the 
orientation illustrated in Fig. 20B, Fig. 22C and Fig. 24C, for 
example, and the angle of rotation reaches 6 2 , as illustrated 



in Fig. 25E. m this case, a prescribed twisting reaction is 
generated in the connecting sections 330. 

Thereupon, at time T 5 , the voltage applied to the respective 
comb tooth-shaped electrodes 375 is set substantially to 0V. 
5 Subsequently, between time T 5 and T 6 , the twisting reaction of 
the connecting sections 330 acts as a restoring force, and the 
angle of rotation decreases continuously. At time T 6 , the angle 
of rotation reaches 0°, as illustrated in Fig. 25E. The sequence 
of operations described above, from time T 0 to time T 6 , are 
10 repeated, according to requirements. 

in the present drive mode, preferably, the voltage V, and 
the voltage V 3 are the same, the voltage V 2 and the voltage V 4 
are the same, and the absolute value of the angle of rotation 
6i is the same as the absolute value of the angle of rotation 
15 9 2 . Moreover, the respective periods between time T 0 and time 
T 2 , between time T 2 and time T 3 , between time T 3 and time T 5 , and 
between time T 5 and time T 6 , are preferably set to the same length, 
and each constitute respectively one quarter a cycle of the 
rotational operation of the mirror section 310. in this way, 
20 it is possible to achieve a cyclical rotational operation of the 
mirror section 310 of the micro-mirror element X3 . 

Fig. 26 shows a further example of a drive mode for the 
micro-mirror element X3 . Fig. 26A illustrates the change over 
time of the voltage applied to the comb tooth-shaped electrodes 
25 345 of the drive mechanisms 340. Fig. 26B illustrates the change 
over time of the voltage applied to the comb tooth-shaped 
electrodes 365 of the drive mechanisms 360 . Fig. 26C illustrates 
the change over time of the voltage applied to the comb 
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tooth-shaped electrodes 355 of the drive mechanisms 350. Fig. 
26D illustrates the change over time of the voltage applied to 
the comb tooth-shaped electrodes 375 of the drive mechanisms 370. 
In the respective graphs in Fig. 2 6A - Fig. 26D, the time (t) 
is represented on the horizontal axis, and the applied voltage 
(v) is represented on the vertical axis, in the present drive 
mode, the comb tooth-shaped electrodes 341, 351, 361, 371 are 
connected to ground. Furthermore, Fig. 26E shows the change over 
time of the angle of rotation of the mirror section 310 in the 
present drive mode. In the graph in Fig. 26E, time (t) is 
represented on the horizontal axis, and the angle of rotation 
(9) is represented on the vertical axis. The present drive mode 
differs from the drive modes described above with reference to 
Fig. 25 in that there are additional periods in which a voltage 
is applied to the comb tooth-shaped electrodes 345, 355. 

In the present drive mode, a prescribed voltage V 5 is 
applied to the comb tooth-shaped electrodes 345 between time T 2 
and time T 2 ' , as illustrated in Fig. 26A. During this period, 
the twisting forces of the connecting sections 330 act as 
restoring forces, in addition to which an electrostatic 
attraction is generated between the comb tooth-shaped 
electrodes 341, 345, as a driving force in the second direction, 
and the angle of rotation of the mirror section 310 decreases 
continuously. At time T 2 ' , the drive mechanisms 340, 360 assume 
the orientation shown in Fig. 19A, Fig. 21B and Fig. 23B, for 
example. At time T 2 ' , prior to the time at which the rotational 
displacement (for example, 9^), which can be generated in the 
drive mechanisms 340 by a driving force (driving torque) in a 
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first direction opposite to the second direction, is reached, 
the voltage applied to the comb tooth-shaped electrodes 345 is 
set substantially to 0V. 

Furthermore, in the present drive mode, a prescribed 
voltage V 6 is applied to the comb tooth-shaped electrodes 355 
between time T 5 and time T 5 ' , as illustrated in Fig. 26C. During 
this period, the twisting forces of the connecting sections 330 
act as restoring forces, in addition to which an electrostatic 
attraction is generated between the comb tooth-shaped 
electrodes 351, 355, as a driving force in the first direction, 
and the angle of rotation of the mirror section 310 decreases 
continuously. At time T 5 < , the drive mechanisms 350, 370 assume 
the orientation shown in Fig. 20B, Fig. 22B and Fig. 24B, for 
example. At time T 5 ', prior to the time at which the rotational 
15 displacement (for example, 9 2 ' ) , which can be generated in the 
drive mechanisms 350 by a driving force (driving torque) in a 
second direction opposite to the first direction, is reached, 
the voltage applied to the comb tooth-shaped electrodes 355 is 
set substantially to 0V. 

20 m the present drive mode, preferably, the voltage Vl and 

voltage V 5 are the same and the voltage V 3 and voltage V 6 are the 
same. Moreover, preferably the sum of the respective periods 
between time T 0 and time T lt and between time T 2 and time T 2 • . 
and the sum of the respective periods between time T 3 and time 
25 T 4 , and between time T 5 and time T 5 > , each constitute respectively 
one quarter of a cycle of the rotational operation of the mirror 
section 310. In this way, it is possible to achieve a cyclical 
rotational operation of the mirror section 310 of the 
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micro-mirror element X3 . 

in the micro-mirror element X3, the drive mechanisms 340, 
350 are disposed in mutually distant positions, and the drive 
mechanisms 360, 370 are disposed in mutually close positions, 
5 with respect to the axis of rotation A3 of the rotational 
operation of the mirror section 310. in a composition of this 
kind, the drive mechanisms 340, 350 are more suitable than the 
drive mechanisms 360, 370, when generating a large rotational 
torque. For example, if the dimensional designs of the drive 
10 mechanisms 340, 350 and the drive mechanisms 360, 370 are equal, 
then when the same voltage is applied to these drive mechanisms, 
a greater rotational torque will be generated in the drive ? 
mechanisms 340, 350, compared to the drive mechanisms 360, 370, 
because the drive mechanisms 340, 350 are situated at a greater 
15 distance from the axis of rotation A3. Moreover, the drive 
mechanisms 360, 370 are more suitable than the drive mechanisms 
340, 350, when a large stroke is to be ensured. For example, 
if the dimensional designs of the drive mechanisms 340, 350 and 
the drive mechanisms 360, 370 are equal, then the drive 
20 mechanisms 360, 370 have a stroke covering a larger amount of 
rotational displacement (angle of rotation) than the drive 
mechanisms 340, 350. In an micro-mirror element X3 equipped with 
both drive mechanisms 340, 350 that are suitable for generating 
a large rotational torque and drive mechanisms 360, 370 that are 
25 suitable for ensuring a large stroke, it is possible to ensure 
an effectively large stroke even without forming the respective 
comb tooth-shaped electrodes of the respective drive mechanisms 
to an excessively thick size. m this way, the micro-mirror 
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element X3 is suitable for achieving a high speed of operation 
for rotational operations of the mirror section 310 involving 
large amounts of rotational displacement. 

In a micro-mirror element X3 of this kind, preferably, the 
5 drive mechanisms 340, 350 and the drive mechanisms 360, 370 are 
electrically separated and are controlled respectively in an 
independent fashion, such that the respective characteristics 
of the drive mechanisms 340, 350 and the drive mechanisms 360, 
370 can be utilized effectively. For example, in the range where 
the amount of displacement of the mirror section 310 is a small 
angle, a large rotational torque can be generated by means of 
the drive mechanisms 340, 350, and in the range where it is a 
large angle, a prescribed rotational torque can be sustained in 
a continuous manner, by means of the drive mechanisms 360, 370, 
> throughout the relatively long stroke of these drive mechanisms 
360, 370. 

Moreover, in the micro-mirror element X3 , by enlarging the 
electric field-generating surface area of the respective comb 
tooth-shaped electrodes of the drive mechanisms 360, 370 to a 
prescribed surface area, it is possible to achieve a small 
differential between the rotational torque generated by the 
drive mechanisms 360, 370 and the rotational torque generated 
by the drive mechanisms 340, 350. Alternatively, it is also 
possible to append a plurality of types of drive mechanisms for 
generating driving forces at yet more distant locations from the 
axis of rotation A3. By adopting these compositions, it may be 
possible to enhance prescribed characteristics of the 
micro-mirror element X3 . 



73 



In addition, in the micro-mirror element X3 , preferably, 
means for detecting the amount of rotational displacement of the 
mirror section 310 (angle of rotation) should be provided, such 
that the mirror section 310 can be driven in rotation with a high 
degree of accuracy. For such detecting means, it is possible 
to employ, for example, optical means utilizing reflection of 
light at the upper face or lower face of the mirror section 310, 
means for measuring the value of electrostatic capacitance of 
the comb tooth-shaped electrodes or on the lower face of the 
mirror section 310, or means for measuring the distortion of the 
connecting sections 330 or the torsion bars 331, by means of a 
piezo-resistance distortion gauge, or the like. 

Fig. 27 - Fig. 34 show a micro-mirror element X4 according 
to a fourth embodiment of the present invention. Fig. 27 is a 
plan view of the micro-mirror element X4 , and Fig. 28 to Fig. 
30 are cross-sectional views along line XXVI I I - XXVIII in Fig. 
27. Furthermore, Fig. 31 to Fig. 34 are cross-sectional views 
along line XXXI - XXXI, line XXXII - XXXII, line XXXIII - XXXIII, 
and line XXXIV - XXXIV in Fig. 27, respectively. 

The micro-mirror element X4 comprises a mirror section 310, 
a frame 320, a pair of connecting sections 330, and respective 
pairs of drive mechanisms 440, 450, 460, 470. The micro-mirror 
element X4 differs from the micro-mirror element X3 in respect 
of the fact that it is equipped with drive mechanisms 440, 450, 
460 and 470, instead of the drive mechanisms 340, 350, 360 and 
370. Moreover, similarly to the micro-mirror element XI, the 
micro-mirror element X4 is manufactured by carrying out 
processing on a material substrate, which is an SOI substrate 
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having a prescribed laminated structure, by means cf a bulk 
micro-machining technology, such as MEMS technology, or the like. 
The material substrate has a laminated structure consisting, for 
example, of first and second silicon layers, and an insulating 
5 layer interposed between these silicon layers, a prescribed type 
of conductivity being imparted to the respective silicon layers 
by doping with an impurity. For the purpose of clarifying the 
diagrams, in Fig. 27. the areas originating in the first silicon 
layer which project in the direction of the reader beyond the 
10 insulating layer are marked by diagonal hatching (with the 
exception of the mirror surface 311) . 

Two drive mechanisms 440 provided in the micro-mirror 
element X4 are disposed in a symmetrical fashion, with respect 
to the mirror section 310, each comprising a comb tooth-shaped 
15 electrode 441 and comb tooth-shaped electrode 445. The comb 
tooth-shaped electrode 441 is a region originating principally 
in the first silicon layer, and it has a base section 442 which 
is fixed to the mirror section 310. and a plurality of electrode 
teeth 443 which project from this base section 442. The com* 
0 tooth-shaped electrode 445 has a laminated structure consisting 
of a conductor section 445a, a conductor section 445b, and an 
insulating section 445c for electrically separating the two 
conductor sections, and also has a base section 446 which is 
fixed to the frame 320 and projects in an inward direction, and 
• a plurality of electrode teeth 447 which project from this base 
section 446 . The conductor sections 445a. 445b are regions which 
originate respectively in the first and second silicon layers 
When the element is not driven in rotation, the comb tooth-shaped 
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electrode 441 and the base section 445b of the comb tooth-shaped 
electrode 445 are positioned at mutually different heights, as 
illustrated by Fig. 28 and Fig. 31A. Moreover, the comb 
tooth-shaped electrodes 441, 445 are disposed in a state whereby 
their respective electrode teeth 443, 447 lie in mutually 
displaced positions, such that they do not make contact with each 
other. 

Two drive mechanisms 450 are disposed in a symmetrical 
fashion, with respect to the mirror section 310, each comprising 
a comb tooth-shaped electrode 451 and comb tooth-shaped 
electrode 455. The comb tooth-shaped electrode 451 is a region 
originating principally in the first silicon layer, and it has 
a base section 452 which is fixed to the mirror section 310, and 
a plurality of electrode teeth 453 which project from this base 
section 452 . The comb tooth-shaped electrode 455 has a laminated 
structure consisting of a conductor section 455a, a conductor 
section 455b, and an insulating section 455c for electrically 
separating the two conductor sections, and also has a base 
section 456 which is fixed to the frame 320 and projects in an 
inward direction, and a plurality of electrode teeth 457 which 
project from this base section 456. The conductor sections 455a, 
455b are regions which originate respectively in the first and 
second silicon layers. when the element is not driven in 
rotation, the comb tooth-shaped electrode 451 and the base 
section 455b of the comb tooth-shaped electrode 455 are 
positioned at mutually different heights, as illustrated by Fig. 
28 and Fig. 32A. Moreover, the comb tooth-shaped electrodes 451 , 
455 are disposed in a state whereby their respective electrode 
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teeth 453, 457 lie in mutually displaced positions, such that 
they do not make contact with each other. 

Two drive mechanisms 460 are disposed in a symmetrical 
fashion, with respect to the mirror section 310, each comprising 
a comb tooth-shaped electrode 461 and comb tooth-shaped 
electrode 465. The comb tooth-shaped electrode 461 is a region 
originating principally in the first silicon layer, and it has 
a base section 462 which is fixed to the mirror section 310, and 
a plurality of electrode teeth 463 which project from this base 
section 462 . The comb tooth-shaped electrode 465 has a laminated 
structure consisting of a conductor section 465a, a conductor 
section 465b, and an insulating section 465c for electrically 
separating the two conductor sections, and also has a base 
section 466 which is fixed to the frame 320 and projects in an 
inward direction, and a plurality of electrode teeth 467 which 
project from this base section 466. The conductor sections 465a, 
465b are regions which originate respectively in the first and 
second silicon layers. when the element is not driven in 
rotation, the comb tooth-shaped electrode 461 and the base 
section 465b of the comb tooth-shaped electrode 465 are 
positioned at mutually different heights, as illustrated by Fig. 
28 and Fig. 33A. Moreover, the comb tooth-shaped electrodes 461 , 
465 are disposed in a state whereby their respective electrode 
teeth 463, 467 lie in mutually displaced positions, such that 
they do not make contact with each other. 

Two drive mechanisms 470 are disposed in a symmetrical 
fashion, with respect to the mirror section 310, each comprising 
a comb tooth-shaped electrode 471 and comb tooth-shaped 
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electrode 475. The comb tooth-shaped electrode 471 is a region 
originating principally in the first silicon layer, and it has 
a base section 472 which is fixed to the frame 320, and a 
Plurality of electrode teeth 473 which project from this base 
section 472 . The comb tooth-shaped electrode 475 has a laminated 
structure consisting of a conductor section 475a, a conductor 
section 475b, and an insulating section 475c for electrically 
separating the two conductor sections, and also has a base 
section 476 which is fixed to the frame 320 and projects in an 
inward direction, and a plurality of electrode teeth 477 which 
-project from this base section 476 . The conductor sections 475a, 
475b are regions which originate respectively in the first and 
second silicon layers. When the element is not driven in 
rotation, the comb tooth-shaped electrode 471 and the base 
section 475b of the comb tooth-shaped electrode 475 are 
positioned at mutually different heights, as illustrated by Fig. 
28 and Fig. 34A. Moreover, the comb tooth-shaped electrodes 471 , 
475 are disposed in a state whereby their respective electrode 
teeth 473, 477 lie in mutually displaced positions, such that 
they do not make contact with each other. 

in the micro-mirror element X4, by applying prescribed 
electric potentials, as and when necessary, to the comb 
tooth-shaped electrodes 441, 451, 461, 471, the conductor 
sections 445a, 445b of the comb tooth-shaped electrodes 445, the 
conductor sections 455a, 455b of the comb tooth-shaped 
electrodes 455, the conductor sections 465a, 465b of the comb 
tooth-shaped electrodes 465, and the conductors sections 475a, 
475b of the comb tooth-shaped electrodes 475, it is possible to 
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cause the mirror section 310 to perform rotational operation 
about the axis of rotation A3 . 

Fig. 3 5 shows one example of a drive configuration for the 
micro-mirror element X4 . Fig. 35A illustrates the change over 
5 time of the voltage applied to the conductor sections 445b of 
the comb tooth-shaped electrodes 445 of the drive mechanisms 440. 
Fig. 35B illustrates the change over time of the voltage applied 
to the conductor sections 465b of the comb tooth-shaped 
electrodes 465 of the drive mechanisms 460. Fig. 35C illustrates 

10 the change over time of the voltage applied to the conductor 
sections 455b of the comb tooth-shaped electrodes 455 of the 
drive mechanisms 450. Fig. 35D illustrates the change over time 
of the voltage applied to the conductor sections 47 5b of the comb 
tooth-shaped electrodes 475 of the drive mechanisms 470. Fig. 

15 35E shows the change over time of the voltage applied to the 
conductor sections 445a of the comb tooth-shaped electrodes 445 
of the drive mechanisms 440, the conductor sections 455a of the 
comb tooth-shaped electrodes 455 of the drive mechanisms 450, 
the conductor sections 465a of the comb tooth-shaped electrodes 

20 465 of the drive mechanisms 460, and the conductor sections 475a 
of the comb tooth-shaped electrodes 47 5 of the drive mechanisms 
470. In the respective graphs in Fig. 35A - Fig. 35E, the time 
(t) is represented on the horizontal axis, and the applied 
voltage (v) is represented on the vertical axis. In the present 

25 drive mode, the comb tooth-shaped electrodes 441, 451, 4 61, 471 
are connected to ground. Furthermore, Fig. 3 5F shows the change 
over time of the angle of rotation of the mirror section 310 in 
the present drive mode. In the graph in Fig. 35F, time (t) is 



represented on the horizontal axis, and the angle of rotation 
(9) is represented on the vertical axis. 

In the present drive mode, firstly, between time T 0 and Ti, 
a prescribed voltage Vi is applied to the conductor sections 445b 
5 as illustrated in Fig. 3 5A, and between time T 0 and time T 2 , a 
prescribed voltage V 2 is applied to the conductor sections 465b 
as illustrated in Fig. 35B, such that the rotational 
displacement of the mirror section 310, which is in an initial 
state (angle of rotation of 0 a ) at time T 0 , reaches a maximum 

10 angle of rotation 0i at time T 2 . Between time T 0 and time Ti, an 
electrostatic attraction is generated between the comb 
tooth-shaped electrodes 441 and the conductor sections 445b, and 
between the comb tooth-shaped electrodes 461 and the conductor 
sections 465b, and the angle of rotation of the mirror section 

15 310 increases continuously in a first direction, and at time Ti, 
the drive mechanisms 440, 460 assume the orientation illustrated 
in Fig. 29A, Fig. 31B and Fig. 33B, for example. At time T lt 
prior to the time at which the rotational displacement (for 
example, Gi'), which can be generated in the drive mechanisms 

20 440 by a driving force (driving torque) in a second direction 
opposite to the first direction, is reached, the voltage applied 
to each conductor section 445b is set substantially to 0V. 
Between time Ti and T 2 , an electrostatic attraction is generated 
between the comb tooth-shaped electrodes 461 and the conductor 

25 sections 465b, and the angle of rotation of the mirror section 
310 increases continuously in a first direction. At time T 2 , 
the drive mechanisms 440, 460 assume the orientation illustrated 
in Fig. 29B, Fig. 31C and Fig. 33C, for example, and the angle 



of rotation reaches Q lt as illustrated in Fig. 35F. In this case, 
a prescribed twisting reaction is generated in the connecting 
sections 330. 

Thereupon, a prescribed voltage V 3 is applied to the 
conductor sections 445b between time T 2 and time T 3f and a 
prescribed voltage V 4 is applied to the conductor sections 445a, 
455a, 465a, 475a, between time T 2 and time T 4 , as illustrated 
in Fig. 35E, such that the angle of rotation reaches 0= at time 
T 4 . Moreover, between time T 2 and time T 4/ the voltage applied 
to the conductor sections 465b is set substantially to 0V. 
Between time T 2 and time T 3 , in addition to the twisting reactions 
of the connecting sections 330 acting as restoring forces, an 
electrostatic attraction is generated between the comb 
tooth-shaped electrodes 441 and the comb tooth-shaped 
electrodes 445 (conductor sections 445a and 445b) as a driving 
force in the second direction, and furthermore, electrostatic 
forces of attraction are also generated between the comb 
tooth-shaped electrodes 451 and the conductor sections 455a, 
between the comb tooth-shaped electrodes 461 and the conductor 
sections 465a, and between the comb tooth-shaped electrodes 471 
and the conductor sections 475a, as driving forces in the second 
direction, whereby the angle of rotation of the mirror section 
310 decreases continuously. At time T 3 , the drive mechanisms 
440, 460 assume the orientation shown in Fig. 29A, Fig. 31B and 
Fig. 33B, for example. At time T 3 , prior to the time at which 
the rotational displacement (for example, Q 1 > ) , which can be 
generated in the drive mechanisms 440 by a driving force (driving 
torque) in a first direction opposite to the second direction. 
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is reached, the voltage applied to each conductor section 445b 
is substantially set to ov. Thereupon, between time T 3 and time 
T„ electrostatic forces of attraction continue to be generated 
between the comb tooth-shaped electrodes 441 and the conductor 
i sections 445a. between the comb tooth-shaped electrodes 451 and 
the conductor sections 45Sa. between the comb tooth-shaped 
electrodes 461 and the conductor sections 465a, and between the 
comb tooth-shaped electrodes 471 and the conductor sections 475a, 
and hence the angle of rotation of the mirror section 310 
decreases continuously. At time T„ the angle of rotation 
reaches 0«, as illustrated in Fig. 3 5F . 

Thereupon, between time T 4 and T 5 . a prescribed voltage v 5 
is applied to the conductor sections 455b as illustrated in Fi g : 
35D, and between time T. and time T«. a prescribed voltage v 6 is 
applied to the conductor sections 475b as illustrated in Fig 
35D, such that the rotational displacement of the mirror section 
310 reaches a maximum angle of rotation e 2 at time T 6 Between 
time T 4 and time T 5 , an electrostatic attraction is generated 
between the comb tooth-shaped electrodes 451 and the conductor 
sections 455b, and between the comb tooth-shaped electrodes 471 
and the conductor sections 475b. and the angle of rotation of 
the mirror section 310 increases continuously in a second 
direction, and at time T 5 . the drive mechanisms 450. 470 assume 
the orientation illustrated in Fig. 30A. Fig. 32B and Fig. 34B 
for example. At time T s , prior to the time at which the rotational 
displacement (for example, e,'). which can be generated in the 
drive mechanisms 450 by a driving force (driving torque, in a 
first direction opposite to the second direction, is reached, 
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the voltage applied to each conductor section 455b is 
substantially set to OV. Between time T 5 and T 6 , an electrostatic 
attraction continues to be generated between the comb 
tooth-shaped electrodes 471 and the conductor sections 475b, and 
the angle of rotation of the mirror section 310 increases 
continuously in the second direction. . At time T 6 , the drive 
mechanisms 450, 470 assume the orientation illustrated in Fig. 
30B, Fig. 32CandFig. 34C, for example, and the angle of rotation 
reaches 9 2 , as illustrated in Fig. 35F. in this case, a 
prescribed twisting reaction is generated in the connecting 
-sec t ions 3 3 0 . 

Thereupon, a prescribed voltage V 7 is applied to the 
conductor sections 455b between time T 6 and time T 7 , as 
illustrated in Fig. 35C, and a prescribed voltage V 8 is applied 
to the conductor sections 445a, 455a, 465a, 475a, between time 
T 6 and time T 8 , as illustrated in Fig. 35E, such that the angle 
of rotation reaches 0= at time T 8 . Moreover, between time T 6 
and time T 8 , the voltage applied to the conductor sections 475b 
is set substantially to 0V. Between time T 6 and time T 7/ in 
addition to the twisting reactions of the connecting sections 
330 acting as restoring forces, an electrostatic attraction is 
generated between the comb tooth-shaped electrodes 451 and the 
comb tooth-shaped electrodes 455 (conductor sections 455a and 
455b) as a driving force in the first direction, and furthermore, 
electrostatic forces of attraction are also generated between 
the comb tooth-shaped electrodes 441 and the conductor sections 
445a, between the comb tooth-shaped electrodes 461 and the 
conductor sections 465a, and between the comb tooth-shaped 
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electrodes 471 and the conductor sections 475a, as driving 
forces in the first direction, whereby the angle of rotation of 
the mirror section 310 decreases continuously. At time T„ the 
drive mechanisms 450. 470 assume the orientation shown in Fig 
5 30A, Fig . 32E and Fig. 34B. for example. At time T 7 , prior to 
the time at which the rotational displacement (for example. 6 2 ') , 
which can be generated in the drive mechanisms 450 by a driving 
force (driving torque, in a second direction opposite to the 
first direction, is reached, the voltage applied to each 
10 conductor section 455b is substantially set to 0V. . Thereupon 
between time T, and time T„ electrostatic forces of attraction 
continue to be generated between the comb tooth-shaped 
electrodes 441 and the conductor sections 445a, between the com* 
tooth-shaped electrodes 451 and the conductor sections 455a 
15 between the comb tooth-shaped electrodes 461 and the conductor 
sections 465a, and between the comb tooth-shaped electrodes 471 
and the conductor sections 475a, and hence the angle of rotation 
of the mirror section 310 decreases continuously. At time T„ 
the angle of rotation reaches 0-. as illustrated in Fig. 3SF 
20 The sequence of operations described above, from time To to time 
T 8 , are repeated, according to requirements. 

in the present drive mode, preferably, the voltage V, and 
the voltage v 3 are the same, the voltage v s and the voltage V, 
are the same, and the absolute value of the angle of rotation 
* 9, is the sa™ as the absolute value of the angle of rotation 
6 2 . Moreover, the respective periods between time T 0 and time 
T 2 , between time T 2 and time T„ between time T 4 and time T 6 , and 
between time T 6 and time T., are preferably set to the same length 
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and each constitute one quarter of the rotational operation of 
the mirror section 310. Moreover, preferably the sum of the 
respective periods between time T 0 and time Ti, and between time 
T 2 and time T 3/ and the sum of the respective periods between 
5 time T 4 and time T 5/ and between time T 6 and time T 7 , each 
constitute respectively one quarter of a cycle of the rotational 
operation of the mirror section 310. In this way, it is possible 
to achieve a cyclical rotational operation of the mirror section 
310 of the micro-mirror element X4 . 

10 In the micro-mirror element X4, the drive mechanisms 440, 

450 are disposed in mutually distant positions, and the drive 
mechanisms 460, 470 are disposed in mutually close positions, 
with respect to the axis of rotation A3 of the rotational 
operation of the mirror section 310. In this composition, 

15 similarly to the foregoing description relating to the. drive 
mechanisms 340, 350, the drive mechanisms 440, 450 are more 
suitable than the drive mechanisms 460, 470, for generating a 
large rotational torque. Moreover, similarly to the foregoing 
description relating to the drive mechanisms 360, 370, the drive 

20 mechanisms 460, 47 0 are more suitable than the drive mechanisms 
440, 450, for ensuring a large stroke. Similarly to the 
foregoing description relating to the micro-mirror element X3 , 
in an micro-mirror element X4 equipped with both drive 
mechanisms 440, 450 that are suitable for generating a large 

25 rotational torque and drive mechanisms 460., 470 that are 
suitable for ensuring a large stroke, it is possible to ensure 
an effectively large stroke even without forming the respective 
comb tooth-shaped electrodes of the respective drive mechanisms 



to an excessively thick size. In this way, the micro-mirror 
element X4 is suitable for achieving a high speed of operation 
for rotational operations of the mirror section 310 involving 
large amounts of rotational displacement. 

In addition, similarly to the foregoing description 
relating to micro-mirror element X3 , in the micro-mirror element 
X4, preferably, means for detecting the amount of rotational 
displacement of the mirror section 310 (angle of rotation) 
should be provided, such that the mirror section 310 can be 
driven in rotation with a high degree of accuracy. 

Fig. 36 - Fig. 40 show a micro-mirror element X5 according 
to a fifth embodiment of the present invention. Fig. 3 6 is a 
cross-sectional view of the micro-mirror element X5 , and Fig. 
37 is a cross-sectional view along line XXXVII - XXXVII in Fig. 
36. Furthermore, Fig. 38 to Fig. 40 are cross-sectional views 
along line XXXVIII - XXXVIII, line XXXIX - XXXIX, and line XXXX 
- XXXX in Fig. 36, respectively. 

The micro-mirror element X5 comprises a mirror section 510, 
a frame 52 0, a pair of connecting sections 53 0, and respective 
pairs of drive mechanisms 540, 550. Moreover, similarly to the 
micro-mirror element XI, the micro-mirror element X5 is 
manufactured by carrying out processing on a material substrate, 
which is an SOI substrate having a prescribed laminated 
structure, by means of a bulk micro-machining technology, such 
as MEMS technology, or the like. The material substrate has a 
laminated structure consisting, for example, of first and second 
silicon layers, and an insulating layer interposed between these 
silicon layers, a prescribed type of conductivity being imparted 
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to the respective silicon layers by doping with an impurity. For 
the purpose of clarifying the diagrams, in Fig. 36, the areas 
originating in the first silicon layer which are positioned 
beyond the insulating layer and towards the reader are marked 
by diagonal hatching (with the exception of the mirror surface 
511 described hereinafter) . 

The mirror section 510 is a region formed principally in 
the first silicon layer, and it has a mirror surface 511 having 
a light reflecting function, on the front surface thereof. The 
mirror surface 511 has a laminated structure consisting of a Cr 
layer formed on the first silicon layer, and an Ar layer formed 
on the Cr layer. The mirror surface 510 of this kind forms the 
movable section of the present invention. The frame 520 is a 
region formed principally in the first silicon layer, in such 
a state that it surrounds the mirror section 510. 

The pair of connecting sections 53 0 are regions formed in 
the first silicon layer, and consist respectively of two torsion 
bars 531. The respective torsion bars 531 are connected to the 
mirror section 510 and the frame 52 0, thus linking same together. 
The interval between the two torsion bars 530 of the respective 
connecting sections 531 gradually increases from the frame 520 
side towards the mirror section 510 side. The pair of connecting 
sections 530 of this kind define an axis A5 for the rotational 
operation of the mirror section 510 with respect to the frame 
520. Preferably, the connecting sections 531 which are 
constituted by two torsion bars 53 0, the interval between which 
gradually increases from the frame 52 0 side towards the mirror 
section 510 side, prevent unwanted displacement in the 
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rotational operation of the mirror section 510. Furthermore, 
it is also possible to constitute the connecting sections 530 
such that two different electric potentials can be applied from 
the frame 520 to the mirror section 510, via the two torsion bars 
531. 

Two drive mechanisms 540 are disposed in a symmetrical 
fashion, with respect to the mirror section 510, each comprising 
a comb tooth-shaped electrode 541 and comb tooth-shaped 
electrode 545. The comb tooth-shaped electrode 541 is a region 
originating principally in the first silicon layer, and it has 
a base section 542 which is fixed to the mirror section 510, and 
a plurality of electrode teeth 543 . The base section 541 extends 
such that it approaches the axis of rotation A5 as it becomes 
more distant from the mirror section 510. A plurality of 
electrode teeth 543 of substantially the same length extends 
from this base section 541 in a perpendicular direction to the 
axis of rotation A5 . The comb tooth-shaped electrode 545 is a 
region originating principally in the second silicon layer, and 
it has a base section 546 which is fixed to the frame 520 and 
projects in an inward direction, and a plurality of electrode 
teeth 547. The base section 546 extends such that it becomes 
more distant from the axis of rotation A5 as approaching the 
mirror section 510. A plurality of electrode teeth 547 of 
substantially the same length extend from this base section 546 
in a perpendicular direction to the axis of rotation A5 . When 
the element is not driven in rotation, the comb tooth-shaped 
electrodes 541 and the comb tooth-shaped electrodes 545 are 
positioned at mutually different heights, as illustrated by Fig. 
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37A, Fig. 38A and Fig. 39A. Moreover, the comb tooth-shaped 
electrodes 541, 545 are disposed in a state whereby their 
respective electrode teeth 543, 547 lie in mutually displaced 
positions, such that they do not make contact with each other. 

Two drive mechanisms 550 are disposed in a symmetrical 
fashion, with respect to the mirror section 510, each comprising 
a comb tooth-shaped electrode 551 and comb tooth-shaped 
electrode 555. The comb tooth-shaped electrode 551 is a region 
originating principally in the first silicon layer, and it has 
a base section 552 which is fixed to the mirror section 510, and 
a plurality of electrode teeth 553 . The base section 551 extends 
such that it approaches the axis of rotation A5 as it becomes 
more distant from the mirror section 510. A plurality of 
electrode teeth 553 of substantially the same length extend from 
this base section 551 in a perpendicular direction to the axis 
of rotation A5 . The comb tooth-shaped electrode 555 is a region 
originating principally in the second silicon layer, and it has 
a base section 556 which is fixed to the frame 520 and projects 
in an inward direction, and a plurality of electrode teeth 557. 
The base section 556 extends such that it becomes more distant 
from the axis of rotation A5 as approaching the mirror section 
510. A plurality of electrode teeth 557 of substantially the 
same length extend from this base section 556 in a perpendicular 
direction to the axis of rotation A5 . when the element is not 
driven in rotation, the comb tooth-shaped electrodes 551 and the 
comb tooth-shaped electrodes 555 are positioned at mutually 
different heights, as illustrated by Fig . 37A, Fig. 38AandFig. 
40A. Moreover, the comb tooth-shaped electrodes 551, 555 are 
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disposed in a state whereby their respective electrode teeth 553, 
557 lie in mutually displaced positions, such that they do not 
make contact with each other. 

In the micro-mirror element X5, by applying prescribed 
5 electric potentials, as and when necessary, to the respective 
comb tooth-shaped electrodes 541, 545, 551, 555, it is possible 
to cause the mirror section 510 to rotate about the axis of 
rotation A5 . 

For example, by applying a prescribed electric potential 
10 to the comb tooth-shaped electrodes 541, 545 of the drive 
mechanisms 540, a prescribed electrostatic attraction is 
generated between the comb tooth-shaped electrodes 541, 545, 
whereby the comb tooth-shaped electrode 541 is drawn inside the 
comb tooth-shaped electrode 545, such that the respective 
electrodes assume the orientation illustrated in Fig. 37 B ; Fig. 
38B, and Fig. 39B, for example. By this means, the mirror section 
510 performs rotational operation about the axis of rotation A5, 
with respect to the frame 520. The amount of rotational 
displacement performed in this rotational operation can be 
20 governed by adjusting the applied electric potential. The 
mirror section 510 can be driven in rotation in the opposite 
direction about the axis of rotation A5 by generating a 
prescribed electrostatic attraction in the drive mechanisms 550, 
similarly to the foregoing description relating to the drive 
25 mechanisms 540. By driving rotation of the mirror section 510 
in two directions in this fashion, it is possible to switch the 
direction of reflection of the light reflected by the mirror 
surface 511 provided on the mirror section 510, as appropriate. 
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in the micro-mirror element X5, the stroke based on the most 
proximately positioned electrode teeth 543. 547 in each drive 
mechanism 540, and the stroke based on the most proximately 
positioned electrode teeth 553, 557 in each drive mechanism 550, 
5 change continuously in a direction parallel to the electrode 
teeth. More specifically, the stroke based on the most 
proximately positioned electrode teeth 543. 547. and the stroke 
based on the most proximately positioned electrode teeth 553. 
557 increases gradually from the mirror section 510 side to the 
10 frame 520 side. Therefore, in the micro-mirror element X5. it 
is possible to ensure an effectively long stroke, even without 
forming the comb tooth-shaped electrodes 541, 545. 551. 555 of 
the drive mechanisms 540, 550 to an excessively thick size. In 
this way, the micro-mirror element X5 is suitable for achieving 
15 a high speed of operation for rotational operations of the mirror 
section 510 involving large amounts of rotational displacement. 

Furthermore, in the micro-mirror element XS. the 
rotational torgue generated between the most proximately 
positioned electrode teeth 543. 547 in each drive mechanism 540 
20 and the rotational torgue generated between the most proximately 
positioned electrode teeth 553, 557 in each drive mechanism 550 
Change continuously in a direction parallel to the electrode 
teeth. More specifically, the rotational torgue generated 
between the most proximately positioned electrode teeth 543 547 
25 and the rotational torgue generated between the most proximately' 
positioned electrode teeth 553, 557 increases gradually from the 
frame 520 side to the mirror section 510 side. Consequently, 
in the micro-mirror element X5. it is possible to avoid 
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generating sudden variations in torque over a relatively broad 
range of rotational operation of the mirror section 510. 

Fig. 41 and Fig. 42 show a modification example of comb 
tooth-shaped electrodes constituting respective drive 
mechanisms of micro-mirror elements XI, X3 and X5 . Fig. 41A - 
Fig. 41D show cross-sectional views of comb tooth-shaped 
electrodes according to respective modification examples, and 
Fig. 42A and Fig. 42B are respective partial plan views of 
modification examples . 

In the modification illustrated in Fig. 41A, a fixed comb 
tooth-shaped electrode has electrode teeth 71 and a moving comb 
tooth-shaped electrode has electrode teeth 71'. when the 
element is not driven, the electrode teeth 71 and the electrode! 
teeth 71' overlap partially in the direction of the thickness 
of the comb tooth-shaped electrodes. Here, the fixed comb 
tooth-shaped electrode corresponds, for example to the comb 
tooth-shaped electrodes 165, 175, 185, 195 in the micro-mirror 
element XI, or to the comb tooth-shaped electrodes 345, 355, 365, 
375 in the micro-mirror element X3 , or to the comb tooth-shaped 
electrodes 545, 555 in the micro-mirror element X5 . On the other 
hand, the movable comb tooth-shaped electrode corresponds, for 
example to the comb tooth-shaped electrodes 161, 171, 181, 191 
in the micro-mirror element XI, or to the comb tooth-shaped 
electrodes 341, 351, 361, 371 in the micro-mirror element X3 , 
or to the comb tooth-shaped electrodes 541, 551 in the 
micro-mirror element X5 . This applies similarly to the other 
modification examples described below. m the present 
modification, the electrode teeth 71 each have a laminated 
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structure consisting of conductor sections 71a, 71b, and an 
insulating section 71c interposed between same. m the 
electrode teeth 71, the conductor sections 71a, 71b are 
electrically connected. m a composition of this kind, since 
the electrode teeth 71 and the electrode teeth 71' are already 
partially overlapping when the element is not driven in rotation, 
then it is possible to reduce sudden changes in the rotational 
torque in the range of small angles of rotation on either side 



of 0*. 
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in the modification illustrated in Fig. 41B, a moving comb 
tooth-shaped electrode has electrode teeth 72 and a fixed comb 
tooth-shaped electrode has electrode teeth 72'. when the 
element is not driven, the electrode teeth 72 and the electrode 
teeth 72' overlap partially in the direction of the thickness 
15 of the comb tooth-shaped electrodes. m the present 
modification, the comb tooth-shaped electrode 72 has a laminated 
structure consisting of conductor sections 72a, 72b, and an 
insulating section 72c interposed between same. m the 
electrode teeth 72, the conductor sections 72a, 72b are 
electrically connected. In a composition of this kind, since 
the electrode teeth 72 and the electrode teeth 72 ' are already 
partially overlapping when the element is not driven in rotation, 
then it is possible to reduce sudden changes in the rotational 
torque in the range of small angles of rotation on either side 
25 of 0 a . 

in the modification illustrated in Fig. 41C, a fixed comb 
tooth-shaped electrode has electrode teeth 73 and a moving comb 
tooth-shaped electrode has electrode teeth 73'. when the 
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element is not driven, the electrode teeth 73 and the electrode 
teeth 73' overlap partially in the direction of the thickness 
of the comb tooth-shaped electrodes. The respective electrode 
teeth 73, 73' are each made from a uniform conducting section, 
in a composition of this kind, since the electrode teeth 73 and 
the electrode teeth 73 ' are already partially overlapping when 
the element is not driven in rotation, then it is possible to 
reduce sudden changes in the rotational torque in the range of 
small angles of rotation on either side of 0°. 

in the modification illustrated in Fig. 41D, a fixed comb 
tooth-shaped electrode has electrode teeth 74 and a moving comb 
tooth-shaped electrode has electrode teeth 74 ' . The electrode 
teeth 74, which are located in a lower position when the element 
is not driven in rotation, are designed such that they gradually 
become wider, from the bottom towards the top thereof, whereas 
the electrode teeth 74' which are located in an upper position 
when the element is not driven in rotation, are designed such 
that they gradually become wider from the top towards the bottom 
thereof. According to a composition of this kind, by reducing 
sudden changes in rotational torque in the range of small angles 
of rotation either side of 0« , and reducing the rotational torque 
in the case of large angles, it is possible to reduce variation 
in capacitance after the comb tooth-shaped electrode has been 
withdrawn (after departure of the stroke) . Moreover, according 
to this composition, it is also possible to increase the bending 
strength of the respective electrode teeth. 

in the modification in Fig. 42A, the outermost electrode 
tooth 75 is set to a thicker dimension than the other electrode 



94 



teeth. When a voltage is applied, the outermost electrode tooth 
in a drive mechanism constituted by a set of comb tooth-shaped 
electrodes receives a large electrostatic bending force acting 
in the inward direction of the drive mechanism, but by means of 
5 the present composition, it is possible to prevent the outermost 
electrode tooth 75 from bending excessively, due to this 
electrostatic force . 

In the modification shown in Fig. 42B, respective electrode 
teeth 77 extending from a base section 76 are designed such that 
10 they become gradually wider from the free end towards the base 
end thereof. By means of a composition of this kind, it is 
possible to improve the bending strength of the electrode teeth 
77, suitably. 
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